A\C\S

ARTICLES

Published on Web 03/13/2002

Mechanism of Propylene Insertion Using
Bis(phenoxyimine)-Based Titanium Catalysts: An Unusual
Secondary Insertion of Propylene in a Group IV Catalyst
System

Phillip D. Hustad, Jun Tian, and Geoffrey W. Coates*

Contribution from the Department of Chemistry and Chemical Biology, Baker Laboratory,
Cornell University, Ithaca, New York 14853-1301

Received September 28, 2001

Abstract: A highly regioselective secondary enchainment of propylene in a group IV catalyst system is
reported. End-group analysis of polypropylene formed using the phenoxyimine-based titanium catalysts
revealed a reversal in the regioselectivity of insertion for this class of catalysts. To the best of our knowledge,
bis(phenoxyimine)-based titanium complexes are the only known group IV catalysts that insert propylene
with exclusive 2,1-regiochemistry. Insertion of propylene into the initiating titanium hydride occurs with
high 1,2-regiochemistry. Subsequent insertions into primary titanium alkyls are regiorandom, while insertions
into secondary titanium alkyls proceed with high 2,1-regioselectivity. Cyclopolymerization and ethylene/
propylene copolymerization strategies are employed to support this proposal.

Introduction Scheme 1

Since their discovery in the 19568 Ziegler—Natta catalysts L,,M/\rp LnMgTP _ LnM\/k/LP
have evolved from multisite heterogeneous mixtéiteswell-
defined single-site homogeneous catalysts capable of remarkable P = polymer chain; M = Ti, Zr, H Primaty (1,2) Insertion

control in olefin polymerizatiori-8 Sinn and Kaminsk§opened

the door to a new era of olefin polymerization with the discovery the coordinated olefin into the growing polymer chain (Scheme
that methylaluminoxane (MAO) activates group IV metallocenes 1). For heterogeneous ZiegteNatta catalysts as well as
for polymerization of olefins. This started the wave of homo- metallocenesy-olefin insertions into metatalkyl bonds occur
geneous catalysts that has dominated the literature for the paspredominately with primary (1,2) regiochemistry, where the
20 years. Along with impressive breakthroughs in control of unsubstituted alkene carbon becomes bound to the metal.
stereochemistrythese single-site catalysts have led to a greater Theoretical studies by Morokuma predicted a clear preference
understanding of the polymerization mechanism, providing the for primary insertion due to both electronic and steric factors,
basis for the development of improved classes of catalysts. A in agreement with experimental observatidhslowever, small
coordinative insertion mechanism for olefin polymerization has amounts €1%) of regioerrors are commonly observed in
been demonstrated for group IV ZiegieNatta catalystd? these polypropylenes (PPs) synthesized using metallocene catalysts,
reactions are generally agreed to proceed by coordination of anespecially with isospecific zirconocenem such polymeriza-
olefin to a vacant sité!~13 followed by migratory insertion of  tions, 2,1-insertions typically lower catalyst activity and mo-
lecular weights of the polymers through competing chain release
processe&® Because of the higher barrier to olefin insertion

(2) Natta, G.; Pino, P.; Corradini, P.; Danusso, F.; Mantica, E.; Mazzanti, G.; into the more bulky secondary metal-alkyl species, insertion
Moragllo G.J. Am Chem. SO(1955 77, 170&1710

(3) Kaminsky, W., EdMetalorganic Catalysts for Synthesis and Polymeriza- fateés are slowed, an@-hydride elimination and chain-end

(1) Ziegler, K.; Holzkamp, E.; Breil, H.; Martin, HA\ngew. Cheml1955 67,
426.

tion; Springer-Verlag: Berlin, 1999. isomerization (1,3-insertion) become more competitive with
(4) Coates, G. WChem. Re. 200Q 100, 1223-1252. . (€ ) P
(5) Resconi, L.; Cavallo, L.; Fait, A.; Piemontesi, Enem. Re. 200Q 100, chain growth.

1253-1345. . . . )
(6) Hiatky, G. G.Chem. Re. 2000 100, 1347-1376. Despite the clear preference for primary insertion, a few group
(7) Britovsek, G. J. P.; Gibson, V. C.; Wass, D.Angew. Chem., Int. Ed. IV catalysts have been shown to operate with higher levels of

1999 38, 429-447. : : : -
(8) Brintzinger, H. H.; Fischer, D.; Mbaupt, R.; Rieger, B.; Waymouth, R. Secondary insertion (Figure 1). One such example is the
M. Angew. Chem., Int. Ed. Endl995 34, 1143-1170. zirconocenaac-CoH4(4,7-MeH4Ind),ZrCl, (1) of Spalecki®1?
(9) Sinn, H.; Kaminsky, W.; Vollmer, H. J.; Woldt, Rngew. Chem., Int. Ed.
Engl. 198Q 19, 390-392.
(10) For a leading reference on the mechanism of polymerization of olefins by (13) (a) Casey, C. P.; Hallenbeck, S. L.; Pollock, D. W.; Landis, CJ.Ram.

metallocene catalysts, see: Grubbs, R. H.; Coates, GAdd.Chem. Res. Chem. Soc1995 117, 9770-9771. (b) Casey, C. P.; Hallenbeck, S. L.;

1996 29, 85-93. Wright, J. M.; Landis, C. RJ. Am. Chem. S0d.997 119, 9680-9690.
(11) Brookhart, M.; Volpe, A. F.; Lincoln, D. M; Horvath, I. T.; Millar, J. M. (14) (a) Kawamura-Kuribayashi, H.; Koga, N.; Morokuma, X.Am. Chem.

J. Am. Chem. S0d.99Q 112, 5634-5636. Soc 1992 114, 8687-8694. (b) Kawamura-Kuribayashi, H.; Koga, N.;
(12) Wu, Z.; Jordan, R. F.; Petersen, JJLAm. Chem. Sod995 117, 5867— Morokuma, K.J. Am. Chem. S0d992 114, 2359-2366.

5868. (15) Resconi, L.; Camurati, I.; Sudmeijer, @op. Catal.1999 7, 145-163.
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Jw extensively by Mitsui for ethylene polymerizatié,3® were
LnMJ\/P > LMZ P M b initially targeted by us as catalysts for the isospecific polym-
K T/W/\ erization of propylene. As with the chir&,-symmetric met-
P = polymer chain; M =V, Fe Secondary (2,1) Insertion allocenes discovered by Ew&rand Brintzinger and Kamin-

sky3” we reasoned thaBa—c/MAO might be capable of

which when activated with MAO polymerizes propylene with isospecific enantiomorphic site control in the polymerization.
as high as 19% regioinversion. Kakugo and co-workers also To our surprise, these compounds produced polypropylenes that
discovered that the sulfur-bridged bisphenolate titanium catalyst were highly syndiotactié® Since this discovery, we have been
(TBP)TIiCl, (2) produced nearly completely regioirregular working to uncover the mechanism by which these ch@al
polypropylenes® However, to the best of our knowledge, no symmetric catalysts perform a syndiospecific polymerization
system in the extensive literature on group IV catalysts has beeninstead of producing isotactic polymers like the symmetrically
reported to inserbi-olefins with exclusive secondary regio- relatedansametallocenes. In our initial repotf,we proposed
chemistry. that the selectivity was derived from chain-end control enhanced

In contrast to group IV systems, catalysts based on otherby a secondary mechanism of enchainment. We based our
metals have been shown to polymeriz®lefins by secondary  proposal on the high level of chain-end control of stereochem-
insertion (Scheme 2). In the 1960s, Natta and Zambelli reportedistry typical of such a mechanism, as well as on the unusually
a series of homogeneous vanadium-based catalysts that polymhigh activity for ethylene polymerization, modest activity for
erized propylene to give syndioenriched polymér&urther propylene polymerization, and inactivity for 1-hexene polym-
study revealed that the monomer was enchained with secondaryerization. Fujita and co-workers have recently reported the first
regiochemistry, and stereocontrol was derived from a chain- evidence consistent with our proposal; end groups of polypro-
end mechanisr#f. More recently, iron-based catalysts discovered pylenes formed using complexes similar3io were consistent
by Brookhart! and Gibsof? have been shown to polymerize  with elimination following 2,1-insertion of propylerf# Herein
propylene by secondary insertion to produce polymers that arewe provide additional evidence for our proposal through analysis

moderately isotactic through a chain-end control mechafisth. of polymer end groups, copolymerization, and a new propaga-
In an effort to expand the field of nonmetallocene catalysts tion-based strategy for regiochemistry elucidation.
for stereoselectivex-olefin polymerizatiory, we recently dis- As we previously reported®C NMR revealed that a chain-

covered a new family of catalysts for the syndiospecific end control mechanism was responsible for the observed
polymerization of propylene (Scheme&)-urther investigation  stereocontrol in the polymerizatif?” Isolatedm-dyads were
into this lead resulted in a complex capable of the highly identified as the lone source of stereoerrorsr(f] = [rmrr]),
syndiospecific and living polymerization of propylene, as well consistent with a chain-end control mechanism. However, such
as the synthesis of ethylene and propylene-based block copoly-an extremely high level of chain-end control was unprecedented
mers?’ These titanium chlorideS8a—c bearing phenoxyimine
(PHI) ligands, based on a class of compounds explored (28) Matsui, S.; Mitani, M.; Saito, J.; Tohi, Y.; Makio, H.; Tanaka, H.; Fuijita,

T. Chem. Lett1999 1263-1264.
(29) Matsui, S.; Tohi, Y.; Mitani, M.; Saito, J.; Makio, H.; Tanaka, H.; Nitabaru,

(16) Spaleck, W.; Antberg, M.; Aulbach, M.; Bachmann, B.; Dolle, V.; Haftka, M.; Nakano, T.; Fujita, TChem. Lett1999 1065-1066.
S.; Kiber, F.; Rohrmann, J.; Winter, A. |diegler CatalystsFink, G., (30) Matsui, S.; Mitani, M.; Saito, J.; Matsukawa, N.; Tanaka, H.; Nakano, T;
Mulhaupt, R., Brintzinger, H. H., Eds.; Springer-Verlag: Berlin, 1995; pp Fujita, T. Chem. Lett200Q 554—555.
84—-97. (31) Matsui, S.; Mitani, M.; Saito, J.; Tohi, Y.; Makio, H.; Matsukawa, N.;
(17) Resconi, L.; Moscardi, GRolym. Prepr.(Am. Chem. Soc., bi Polym. Takagi, Y.; Tsuru, K.; Nitabaru, M.; Nakano, T.; Tanaka, H.; Kashiwa,
Chem) 1997, 38, 832. N.; Fujita, T.J. Am. Chem. SoQ001, 123 6847-6856.
(18) Miyatake, T.; Mizunuma, K.; Kakugo, MMakromol. Chem., Macromol. (32) Matsui, S.; Fujita, TCatal. Today2001, 66, 63—73.
Symp.1993 66, 203-214. (33) Matsui, S.; Inoue, Y.; Fujita, . Synth. Org. Chem. JpR001, 59, 232—
(19) Natta, G.; Zambelli, A.; Pasquon,J. Am. Chem. S0d.962 84, 1488. 240.
(20) For a leading reference on propylene polymerization by single-site vanadium (34) Matsukawa, N.; Matsui, S.; Mitani, M.; Saito, J.; Tsuru, K.; Kashiwa, N.;
catalysts, see: Zambelli, A.; Sessa, |.; Grisi, F.; Fusco, R.; Accomazzi, P. Fujita, T.J. Mol. Catal. A-Chem2001, 169, 99-104.
Macromol. Rapid Commur2001, 22, 297-310. (35) Saito, J.; Mitani, M.; Mohri, J.; Yoshida, Y.; Matsui, S.; Ishii, S.; Kojoh,
(21) sSmall, B. L.; Brookhart, M.; Bennett, A. M. Al. Am. Chem. S0d.998 S.; Kashiwa, N.; Fujita, TAngew. Chem., Int. EQ001, 40, 2918-2920.
120, 4049-4050. 3

(22) Britovsek, G. J. P.; Gibson, V. C.; Kimberley, B. S.; Maddox, P. J.; (37
McTavish, S. J.; Solan, G. A.; White, A. J. P.; Williams, D.Qhem.

Kaminsky, W.; Kulper, K.; Brintzinger, H. H.; Wild, FAngew. Chem.,

)
(36) Ewen, J. AJ. Am. Chem. S0d.984 106, 6355-6364.
)
Int. Ed. Engl.1985 24, 507—508.
)

Commun.1998 849-850. (38) After our report$527a modified version o8b (missing the paraert-butyl
(23) Small, B. L.; Brookhart, MPolym. Prepr.(Am. Chem. Soc., Bi Polym. group) was reported to give highly syndiotactic polypropylene oligomers;
Chem) 1998 39, 213. interestingly, only partially syndiotactic r(fr] = 0.76]) polymer was
(24) Pellecchia, C.; Mazzeo, M.; Pappalardo, Macromol. Rapid Commun. obtained at higher molecular weights. Saito, J.; Mitani, M.; Mohri, J.; Ishii,
1998 19, 651-655. S.; Yoshida, Y.; Matsugi, T.; Kojoh, S.; Kashiwa, N.; Fujita, Them.
(25) Small, B. L.; Brookhart, MMacromolecules1999 32, 2120-2130. Lett. 2001, 576-577 and references therein.
(26) Tian, J.; Coates, G. WAngew. Chem., Int. EQ00Q 39, 3626-3629. (39) Saito, J.; Mitani, M.; Onda, M.; Mohri, J. I; Ishii, S. I.; Yoshida, Y.;
(27) Tian, J.; Hustad, P. D.; Coates, G. WAmM. Chem. So2001, 123 5134- Nakano, T.; Tanaka, H.; Matsugi, T.; Kojoh, S. I.; Kashiwa, N.; Fujita, T.
5135. Macromol. Rapid Commur2001, 22, 1072-1075.
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Figure 2. Catalyst precursors for the synthesis of stereoregular polypro- insertion. This phenomenon is also responsible for the observed
pylenes by chain-end control mechanisms. stereocontrol in vanadium-based catalysts, which produce

moderately syndiotactic polypropylenes by chain-end control
in a propylene polymerization; when activated by MAO, the enhanced by secondary propylene inser#fowith these leads,
pentafluoro-catalystb produces PP with arr -pentad content it seemed reasonable that the extremely high levels of stereo-
of 0.96 at °C (Pr = 099)27 Moderate to hlgh degrees of chain- regu|arity in p0|ypr0py|enes produced @/MAO m|ght be
end control have been observed for seveZal-symmetric the result of a similar secondary insertion procéss.
catalyst precursors (Figure 2). In the 1980s, Ewen found that
the CpTiPhy(4)/MAO catalyst system produced partially iso-
tactic polypropylene at low temperaturé®,(= 0.85, jnmmri End-Group Analysis. In an effort to elucidate the mechanism
= 0.52 at—45 °C).35 However, stereocontrol was completely Of polymerization,’*C NMR spectra of polypropylenes from
diminished at elevated temperatures as the resulting polymerthe Ti-based catalysts were evaluated to detect end groups
was completely atacticPg, = 0.50 at 25°C). Outside the formed by initiation and chain termination processes. Typical
phenoxyimine-based cataly@, the highest previously observed ~Metallocene catalysts produce polypropylenes with characteristic
degree of chain-end control in a syndiospecific propylene end groups resulting from chain release reactions, primarily
polymerization was reported by Pellecchia, who found that the A-hydride and/op-methyl transfer (Scheme 4).In processes
diimine-ligated nickel comple®/MAO produced polypropylene  that compete with chain growth, these catalysts participate in
with an r-dyad content of 89% (frr] = 0.64) at—78 °C4° different types of chain release, generating a free polymer chain
Mechanistic analysis confirmed that the polymerization pro- along with an active metal-hydride or metal-alkyl species
ceeded predominately by a primary insertion mechanism, as incapable of propagating a new polymer chain. Three such
metallocene systenf$:43 Again, polymerization at ambient ~Processes are typically observed in propylene polymerizations
temperatures produced an atactic polymer having a highly With metallocene catalysts3-Hydride transfer following a
irregular microstructure due to chain walking. Similarly, Primary insertion releases a vinylidene-terminated PP, while

Results and Discussion

Brookhart reported that the iron-based cataystearing bis-  -methyl elimination after a primary insertion yields PP bearing
(imino) pyr|dy| |igands produced isotactic po|ypropy|ene—ﬂ0 an a”yl end group. A third |mp0rtant chain release process Is
°C with a high degree of specificityPf, = 0.91, [nmmnh = B-hydride transfer following a 2,1-insertion; as discussed above,

0.69)25 These catalysts are unique in their ability to produce & misinsertion of this type generates a secondary chain end into
stereoregular polymers through a chain-end mechanism atWhich monomer insertion is slowed, making chain release or
ambient temperatures; while the above examples required lowchain-end isomerization more competitive. Indeed, this process
temperatures to achieve high levels of stereocontrol, the iron- iS responsible for lowering the molecular weight of polymers
based systems produced isotactic-enriched polymers even at 2@roduced by catalysts that operate with higher levels of
°C (Pm = 0.81, [nmmrh = 0.43)24 As mentioned above, this  Misinsertion. For the metallocenes, tffidydride transfer has
phenomenon was attributed to an unusual 2,1-insertion mech-been shown to occur from the internal methylene, producing
anism. In the polymerization, the pendant chiral center of the 2-butenyl end groups typically of cis-configuratinwith the

growing polymer chain is placed in closer proximity to the metal iron-based catalys6, which propagates exclusively by a
secondary insertion mechanispithydride transfer is also the

(40) gg@gggia, C.; Zambelli, Aakromol. Chem., Rapid Commut996 17, main type of chain release but it occurs exclusively from the
y 1 1 i 5
(41) Pellecchia, C.; Zambelli, A.; Oliva, L.; Pappalardo, lacromolecules terminal methyl, generating allyl-terminated PPS
1996 29, 6990-6993. i i ;
(42) Pellecchia, C.; Zambelli, A.; Mazzeo, M.; PappalardoJDMol. Catal. AIthoggh Qvaluatpn Of,the olefinic end g,rOUpS_ prowdes
A-Chem.1998 128 229-237. mechanistic information, this method can be misleading because
(43) McCord, E. F.; McLain, S. J.; Nelson, L. T. J.; Arthur, S. D.; Coughlin, E. i+ ~;i ; : ; ; ;
B. Ittel, . D.. Johnson, 1. K.; Tempel, D.. Killian, C. M.; Brookhart, M. it gives ewdt_ance solely of the final _msertlon event bef_ore chain
Macromolecule001, 34, 362-371. release and is often not representative of the propagation process.
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Scheme 5

catalysts operate by similar insertion mechanistS. NMR
Metallocene Catalysts

of this polymer revealed a spectrum with resonances in the

CpoM*-H > szwﬁ > Cp2M+/\m olefinic region até 137.7 aqd 115.5 ppm, at.tributable to the
1.2 1.2 unsaturated carbons of allylic end groups (Figure 3). As stated
M =Ti, Zr, Hf n-Propyl end group above, these end groups could result from eitfidrydride
elimination from the terminal methyl following a secondary
Iron-Based Catalysts insertion or exclusiv@-methyl elimination following a primary
PN PN insertion. These processes can easily be distinguished by
LiFe'H  —5— '-nFeMﬁ Sy LaFe’ considering the events that would follow the two types of

release. Insertion into the Ti-hydride or the Ti-methyl results
in distinct saturated end groups that can be easily identified.

Excellent examples of this are propylene polymerizations with Further evaluation of the NMR spectrum reveals resonances at
metallocene catalysts in which the main mode of insertion is © 14.1 and 14.6 ppm in an approximately equal ratio (Figure
primary but a small amount of misinsertion1%) serves to ~ 3)- The resonance at 14.6 is characteristic of the_termmal methyl
lower catalytic activity and the molecular weight through ©f n-propyl initiated PP, a common end group in metallocene
competitive chain release. In polymers synthesized witiCie polymers. However, the resonance at 14.1 ppm is attributable
symmetricansazirconocenes, for example, butenyl end groups © ann-butyl end group, which is not observed with metallocenes
often become more prominent than vinylidene end groups evenbut is seen in PPs synthesized with iron-based cata{ts.

in the presence of low amounts of regioerr1$o gain a more Peaks corresponding to either isobutyl or ethyl end groups that
representative picture of the mechanism of propagation, engWwould arise from insertions into a titanium-methyl species are
groups arising from the initiation process were also evaluated. Notably absent from the spectrum; therefgtenethyl elimina-

As stated above, the common types of chain release in olefint'on and chain ftrarr‘ls_fer tlo alum;?um can bebruled outlgs tze15
polymerizations generate, respectively, metal-hydride or metal- main sources of chain release. Resonances between 18 an

methyl species capable of growing a new polymer chain. For ppm Wh_ic_h are consistent with th(_a methyls of rggioirregular
metallocene catalysts, insertions into the metal-hydride are tail-to-tail linkages are also present in the polymer; interestingly,

primary and producen-propyl initiated PP (Scheme 5). thesg defects ocgur_thh opposite (meso_) enantiofacial selectivity
Similarly, primary insertions into the metal-methyl species relative to the principle mode of enchainment (rac). However,

account for the presence of isobutyl end groups. Polypropylenest€S€ resonances are not observed in PPs 80fMAO,
from the iron-based cataly§, however, contained saturated ~Cconsistent with highly regioregular 2,1-insertions.
end groups not observed in PPs from metallocene catalysts ( The presence of botim-propyl and n-butyl end groups
butyl end groups are however observed in the case of hydro-indicates the existence of two distinct initiation events in the
genolysis after 2,1-insertion of propylerfé?5 This catalyst ~ polymerization, which can be explained by considering the
generates a PP initiated by arbutyl species as the result of insertion events of metallocenes and iron-based catalysts. In
the unusual secondary insertion mechanism (Scheme 5). Asthese systems, the first insertion occurs mainly into a metal-
described above, chain release is throgtydride elimination, ~ hydride with exclusive primary regiochemistry. While the
leaving a metal-hydride species. Insertion into this hydride is second monomer insertion is highly regioregular in these
exclusively primary, but the second insertion into this iren-  Systems (primary in metallocenes, secondary for iron systems),
propyl species is highly specific and secondary, yieldidgity! monomer addition into the titanium-propy! species generated
initiated PP. The presence of this end group, along with labeling in this phenoxyimine-based system appears to be highly irregular
studies, was instrumental in demonstrating the unusual second-and accounts for the two types of saturated end groups. Primary
ary monomer enchainment insertion in this system. insertion into this species explains the presencer-pfopyl

In an effort to elucidate the mechanism by which our catalysts Nitiated PP, while a secondary insertion results inrkautyl
polymerize propylene with extremely high syndiospecificity €nd group. From the NMR spectrum, it appears that these two
under mild reaction conditions, we performed end-group analysis Processes occur with roughly equal probability, indicating
by evaluating thé3C NMR of PPs synthesized 1b/MAO. random regiochemistry of propylene insertion into primary Ti-
However, the very nature of polymerization of propylene with alkyls in this system. Also, an insertion into the titanium-propyl
this catalyst made the analysis difficult because of the absenceln @ 1,2-fashion generates another primary metal-alkyl species,
of chain release. In the living polymerizatior-transfer into which the next insertion is also random. In this case,
reactions are effectively suppressed, resulting in a polypropylenePropagation becomes secondary after one or more primary
without the common olefinic end groups typically present in insertions. However, the largely regioregular natur84%) of
polymers produced by other catalysts. To perform the analysis,the PP indicates that insertion into a secondary titanium-alkyl
we turned to PP produced by a catalyst that was not living but iS highly regular and secondary.
instead operated with an appreciable amount of chain release. These data allow postulation of a uniqgue mechanistic cycle
A catalyst that proved exceptional for this task was the complex of initiation, propagation, and chain release for propylene

n-Butyl end group

derived from 3,5-difluoroaniline3c). This complex proved to

be more active thaBa and3b, but the increase in activity was
accompanied by an increase in chain transfer, producing low
molecular weight syndiotactic PRI, = 3600, PDI= 2.5, [rrrr ]

polymerization by the phenoxyimine-based catalyst system
3/MAO (Scheme 6). Again, initiation occurs mainly through
primary insertion into a Ti-hydride, generating a rFpropy!
species. Chain propagation reactions of propylene on the

= 0.81) with readily observable end groups. Given the similari- titanium-alkyl species can then be considered as four distinct

ties in syndiospecificity of3a—c, we concluded that these

processes: (&) primary insertion into a primary metal-alkyl, (b)

J. AM. CHEM. SOC. = VOL. 124, NO. 14, 2002 3617
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secondary insertion into a primary metal-alkyl, (c) primary mode of monomer enchainment. The vanadium systems, for
insertion into a secondary metal-alkyl, and (d) secondary example, were shown to propagate by 2,1-insertion by quench-
insertion into a secondary metal-alkyl. In this system, processesing the active species to give unique functionalized polymer
a and b are important only in the initial stages of polymerization end group$*—4® However, these methods only determine the
and occur in roughly equal amounts, while process ¢ accountsregiochemistry of the last inserted monomer and are not
for ca. 1% of total propylene enchainments. Despite the aspecific necessarily representative of propagation as a whole. We
nature of insertion into the primary titanium-alkyl species, reasoned that cyclopolymerizatidhof o,w-diolefins would
statistics dictate that a secondary titanium-alkyl be generated,provide evidence more relevant to the important chain propaga-
after which propagation becomes exclusively secondary (d). tion reactions, in contrast to previously employed initiation- and
Chain release then occurs exclusivelyibkydride transfer from termination-based techniques. To this end, we decided to
the terminal methyl, giving PP with allylic end groups. To our compare polymers derived from 1,6-heptadiene synthesized
knowledge, this type of chain transfer has not been observedusing3b/MAO with those from metallocene-based cataly$ts.
for metallocenes, in which elimination occurs from the internal With rac-ethylenebis(indenyl) zirconium dichloride/MAO, 1,6-
methylene to give butenyl end groups, but is the principle source heptadiene was polymerized through a primary insertion,
of termination with iron-based systems. Again, chain propaga- primary cyclization mechanism to give poly(methylene-1,3-
tion is highly secondary in this system, a phenomenon that hascyclohexane) (PMCH) with a cis ring content of 50% when
been observed for the aforementioned vanadtuamd iron-
base@?*25 systems but not group \YJ propy|ene po|ymerizati0n (44) Zambelli, A.; Longo, P.; Terenghi, D.; Recupero, G.; Zannomal. Catal.
A-Chem.200Q 152, 25-31.
systems. (45) Doi, Y.; Koyama, T.; Soga, K.; Asakura, Makromol. Chem., Macromol.
_Regiochemistry from Cyclopolymerization.Because of the 46) %r(])(ie,n\](..;PI\PJISL/JSr;?:4Ml.?E§olgsaz,7K[\1/ISa?<?6moI. Chem., Rapid Commutos4
highly unusual and unprecedented secondary monomer enchain- " 5 g11-814.
ment proposed above for propylene polymerization by bis- 47 iy e delerminator.of fegolecty of alene ncerion beng oyl
(phenoxyimine) titanium complexes, we targeted new methods 1996 29, 6377-6382. For a leading reference on cyclopolymerization,
to probe the polymerization mechanism. In the past, termination- ~ S€¢: Butler, G. BJ. Polym. Sci., Part A: Polym. Chei2000 38, 3451

: o : . 3461.
based techniques have played a critical role in determining the (48) Coates, G. W.; Waymouth, R. M. Mol. Catal.1992 76, 189-194.
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Scheme 7 explained by a succession of monomers A and B (e.g., AAB,
NN ABA, etc.), EPs typically possess a more complicated micro-

L Ti—P \L\nTﬁ_P structure. In the presence of regiorandom propylene insertion,
0.2 @1 EPs contain three types of repeat units: ethylene, propylene,
‘ | | and inverted propylene. Therefore, an alternate approach to
LnTi P explain the microstructure of these copolymers has been

Pb . Ti+j\5 proposedi.o‘52 This method consid(_ars an EP copolym_er_as a
only 1,2 " succession of methylene and methine carbons, thus eliminating

l cyclization l the problems of propylene inversion. In t#€ NMR spectrum,
possivle resonances arising from methylene carbons of specific structural
sequences can be used to calculate the monomer sequence

W w distribution®°-52 These peaks depend on the proximity of the

MCH £cP nearest methyl branches to a carbon atom, with unique

resonances arising from methylene sequences of one to five

polymerized at room temperature (Schemé®/Because the carbons and another corresponding to longer sequences. In this
formation of these rings relies on monomer enchainment with fashion, the relative concentration of methylene sequences of

1,2-regiochemistry, we reasoned that the secondary mechanisnj€ngth one to five, as well as six and longer, can be determined.
operating in the phenoxyimine-based systems would give dieneBY evaluating the relative number frac_:tlons of_unlnt_errupted
polymers with different microstructures. With 1,6-heptadiene, Methylene sequences of lengtlfyn), regioregularity of inser-

a secondary insertion and cyclization would in principle generate tionS can be probed. ,
the same microstructure as given by metallocenes, but ring 1he feasibility of this technique can be demonstrated by

formation in this fashion is sterically prohibited due to the length €ONnsidering consecutive insertion events (Scheme 8). For
of the aliphatic chain separating the olefins. However, cycliza- €<@mple, a primary propylene insertion followedrbythylene
tion with primary regiochemistry following an initial 2,1- insertions (wheren = 0) and a subsequent primary propylene
insertion involves a favorable intermediate geometry. Ring INS€rtion generate a meth.ylene sequence between tertiary
closing of this type generates a primary Ti-alkyl species, into arbons of lengtim = 2m + 1; the same sequence also results
which subsequent insertions will be regiorandom as demon- ffom & secondary propylene insertion followedrethylenes
strated by end-group analysis. Therefore, the initial insertion @Nd another secondary propylene. Therefore, regioregular pro-
of the diene may be primary or secondary, resulting in a polymer pylene insertions produce a polymer with high number fractions
with equal amounts of methylene-1,3-cyclohexane (MCH) and ©f 0dd numbered methylene sequences (L, 3, 5...). However,
ethylene-1,2-cyclopentane units (ECP) (Scheme 7). an even numbered sequence of length 2m + 2 arises from

As anticipated, reaction of 1,6-heptadiene WBW/MAO a primary propylene |n_sert|0_n followed by ethyle_nes termi- _
produced a polymer with no observable unsaturation, indicating Nated by @ secondary insertion of propylene, while an opposite
quantitative cyclization. The microstructure of the polymer as Seduénce of insertions gives an EP with a sequence length
revealed by*C NMR displayed resonances consistent with poly- 2™ Therefore, regioirregular insertion of propylene gives a
(methylene-1,3-cyclohexane) with 80% cis rings (Figure 4): polymer with high concentrations of even numbered sequences
however, the spectrum also contained new peaksatad431, (N = 2. 4, 6..). As a consequence of the highly regioregular
29, and 23 ppm which matched those of the anticipated poly- Primary propylene insertion, both heterogeneous titanium
(ethylene-1,2-cyclopentane) prepared independently by ring_catalyst§3and titanium-based metallocefgroduce EPs with

opening metathesis polymerization (ROMP) of bicyclo[3.2.0]- Nigh fractions of odd numbered methylene sequences (,
hept-6-ene and subsequent hydrogenatioks predicted, the 3, 5); resonances corresponding to the even numbered sequences

cyclopolymer contains equal amounts of MCH and ECP repeat ©f 1€ngth two and four are not observeg & x4 ~ 0) (Figure
units, demonstrating the random nature of insertions into primary °)- However, EPs synthesized by vanadium catalysts contain
Ti—alkyl bonds. Because steric constraints permit only 1,2- nigher fractions of even numbered methylene sequenges (
cyclization, a primary Ti-alkyl is generated with each cycliza- 0-14%4 = 0.08) due to a high number of propylene inver-
tion. Insertions into these primary Ti-alkyls are regiorandom, SIONS*>*"*2%°EPs from the Ti-based cataly8b should also
consistent with the findings of end-group analysis. The presenceCONtain high fractions of even numbered methylene sequences
of both MCH and ECP units in the polymer clearly demonstrates du€ t0 the highly aspecific nature of propylene insertions into
the high occurrence of secondary insertion in this catalytic & Primary Ti-alkyl. As anticipated;*C NMR of these copoly-

system, as the ECP units can only form following an insertion Mers reveals exceptionally high levels of even numbered
of 2,1-regiochemistry. methylene sequenceg (= 0.26,y4 = 0.09), which are the result

Ethylene/Propylene Copolymerizationsin addition to this of regioirregular propylene insertions. The large number fraction

new cyclopolymerization technique for probing propagation ©f su<|:h Sequences cldearly dimonstrat;e_s the h'ghf number of
events in olefin polymerization, information about the selectivity propylene inversions due to the aspecific nature of insertions
of insertions into primary and secondary titanium-alkyl species (50) carman, C. J.; Harrington, R. A.; Wilkes, C.Macromoleculed977, 10,

i i i 536-544.
can also be obtained by evaluating the mlcrostructure of (51) Randall. J. CMacromoleculed978 11, 33-36.
ethylene-propylene copolymers (EP) synthesize@ivAO. (52) Wang, W. J.; Zhu, SMacromolecule200Q 33, 1157-1162.
Unlike typical AB-copolymers in which a sequence can be (53 Ray.G.J. Johnson, P. E.; Knox, J. Macromoleculesl977 10, 773~

(54) Tritfo, I.; Fan, Z. Q.; Locatelli, P.; Sacchi, M. C.; Camurati, |.; Galimberti,
)

M. Macromolecules 995 28, 3342-3350.

(49) Wu, Z.; Benedicto, A. D.; Grubbs, R. Macromoleculed993 26, 4975~
4977. (55) Cheng, H. NMacromolecules1984 17, 1950-1955.
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Figure 4. 13C NMR spectra (100 MHz, £D,Cls, 100°C) of 1,6-heptadiene cyclopolymers synthesized fromge)ethylene-bis(indenyl) zirconium dichloride/
MAO, (b) 3b/MAO, and (c) hydrogenation of the atactic ROMP polymer of bicyclo[3.2.0]hept-6-ene.
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into a primary Ti-alkyl, thus confirming the findings of end- insertion by placing the methyl of the reacting propylene in an
group analysis and cyclopolymerization. open region of the active species. For this species, this happens
Conclusions to result in a significant amount of 2,1-enchainment when
In summary, we have discovered a highly unusual mechanisminserting propylene into a Ti-primary carbon bond. Ensuing
of insertion in propylene polymerizations using the phenoxy- enchainment occurs, and once a 2,1-insertion takes place, alkene
imine-based titanium catalyst system. Chain propagation wasinsertion into the Ti-secondary carbon end group causes
shown to occur with highly regular secondary regiochemistry, additional steric congestion and results subsequently in exclusive
a phenomenon never observed for a group IV catalyst system.2,1-insertion. The nature of this unusual insertion was further
Although the dominant reaction was 2,1-insertion of propylene validated by 1,6-heptadiene polymerization and ethylene/pro-
into a secondary Ti-alkyl, end-group analysis revealed that pylene copolymerization, demonstrating new and powerful
insertions into the Ti-hydride were exclusively primary, while techniques for mechanistic elucidation in olefin polymerization
insertions into the primary Ti-alkyl proceeded with random as well as producing polymers with new and interesting
regiochemistry. The origin of this regiochemistry is not currently microstructures. Such an insertion could play an important role
clear; our present thought is that the sterically congested titaniumin the polymerization of functional monomers,&glimination
center alleviates hindrance in the transition state of olefin can potentially be avoided by placing functionality on the
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0.5 (PMAO-IP, 12.9 wt % Al in toluene, Akzo Nobel) was concentrated
in vacuo to dryness (I8 mmHg) at 40°C for 18 h to remove residual
trimethylaluminum, providing a solid white powder. 3,5-Difluoroaniline
was purchased from Fluorochem and used as receive®HB,TiCl,

3b and (3,5-PHI),TiCl, 3c were synthesized according to published
procedures! Bicyclo[3.2.0]hept-6-ene, its ROMP polymer poly-
(vinylenealt-1,2-cyclopentane), and poly(ethyleak-1,2-cyclopentane)
were synthesized according to literature procedtfresc-Ethylenebis-
(indenyl) zirconium dichloride was purchased from Strem and used as
received. All other chemicals were commercial materials and were used
as received.

Propylene Polymerization Using 3c.In a typical polymerization
experimenta 6 ounce Lab-Crest pressure reaction vessel (Andrews
Glass) equipped with a magnetic stir bar was first conditioned under
dynamic vacuum and high temperature and then charged with a desired
amount of PMAO (0.60 g, 10 mmol) and toluene (150 mL). The reactor
was equilibrated at 0C, and the atmosphere was exchanged three times
with propylene. The solution was then saturated under pressure (20
psi). Complex3c (0.041 g, 0.051 mmol, [Al)/[Til= 200) was dissolved
in toluene (6 mL) at room temperature under nitrogen. The solution
TiClyMAO® "~ 3b/MAO Vanadium Cat® was then added to the reactor via gastight syringe to initiate the
Fp=0.45° Fp=0.40 Fp=0.38 polymerization. After 4 h, the reactor was vented and the polymer was
Figure 5. Number fractionsy) of uninterrupted methylene sequences for ~Precipitated in copious methanol/HCl, filtered, washed with methanol,
ethylene/propylene copolymerdrom ref 53.°F, is defined as the mole  and then dried in vacuo to constant weight (2.1Mg= 3600, PDI=
fraction of propyleneFrom ref 55. 2.5).

1,6-Heptadiene Polymerization.A dry Schlenk-type flask under
carbon of the propagating polym&Future work will center nitrogen was charged with the diene (1.00 g, 10.4 mmol), PMAO (0.87
on more detailed methods for elucidating the mechanisms of g, 15 mmol), and toluene (100 mL). After this solution was equilibrated

insertion and stereochemical control in this important class of at room temperature, a toluene solution (4 mL)3bf(0.046 g, 0.050
compounds. mmol, [Al}/[Ti] = 300) was added via syringe. After 48 h, the polymer

was precipitated in methanol/HCI, filtered, washed with methanol, and
Experimental Section dried in vacuo to constant weight (1.00 g).

Ethylene/Propylene Copolymerization. A 6 ounce Lab-Crest
pressure reaction vessel (Andrews Glass) equipped with a magnetic
stir bar was first conditioned under dynamic vacuum and high
temperature and then charged with PMAO (0.31 g, 5.3 mmol) and
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General Methods.All manipulations of air- and/or water-sensitive
compounds were carried out under dry nitrogen using a Braun
Labmaster drybox or standard Schlenk line techniques. Routine small-
molecule’H and™*C NMR spectra were recorded on a Bruker AF300 4,66 (100 mL). The reactor was then equilibrated &0At this
(*H, 300 MHz) and a Varian Inova'f, 400 MHz, **C, 100 MHz) point, the reactor atmosphere was exchanged with propylene three times,

spectrometer and referenced versus residual nondeuterated solvent shift%md then the solution was saturated under propylene pressure (30 psi)
1 . .
°C NMR spectra of the polymers were recorded on a \{anan VXR- An overpressure of ethylene (33 psi) was introduced to the reactor,

400 (100 MHz) spectrometer and referenced versus residual nondeu—and a toluene solution (4 mL) @b (0.009 g, 0.01 mmol, [AlJ/[Ti]=

terated solvent shifts. The polymer samples were dissolved in 1,1,2,2- 5y \ya5 added via syringe. After 1 h, the reactor was vented, and the
tetrachloroethane, (TCE) in a 5 mmo.d. tube by heating to 120C polymer was precipitated in methanol/HCI, filtered, washed with

in an oil bath. For quantitative analysis, an inverse gated decoupling methanol, and then dried in vacuo to constant weight (2.38g=
sequence was employed with & 3flse width over a 160 ppm spectral 15 o0g PDI= 1 19) ' '

width at a 2.0 s acquisition. hank th I ial
Molecular weights ¥, andMs,) and polydispersitiesMu/M,) were Acknowledgment. We thank the Cornell Center for Materials
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