Observation of the First Titanium Alkyl/Alkene Complex.
The Key Intermediate in the Ziegler-Natta Mechanism for the Polymerization of Alkenes
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The observation by Ziegler [1] and Natta [2] that mixtures of titanium halides and
alkyl aluminum compounds form highly reactive alkene polymerization catalysts is the basis
of the current large scale manufacture of polyethylene and polypropylene (nearly 10 million
tons per year) [3]). The most widely accepted mechanism for the Ziegler-Natta polymer-
ization process was proposed by Cossee and Arlman in 1960 [4-8]. This mechanism pro-
poses that coordination of an alkene to a titanium alkyl center precedes insertion of ethylene
into the titanium carbon bond. However, no titanium alkyl/alkene complex has ever been
prepared.

The complexes trans-TiX2(dmpe)2 (X = BHg, Br, Cl, Me, and OPh) [9-11] all react
with alkenes to give diamagnetic products. With ethylene, two complexes are formed: the
mononuclear complex trans-TiX2(CaHa)(dmpe)(m!-dmpe), and the dinuclear complex trans-
[TiX2(CaHa)(dmpe)]2(pt-dmpe). These two species are in equilibrium in solution. The
complex trans-[TiClp(C2Ha)-(dmpe)]2(pt-dmpe), 1, can be isolated and an X-ray crystal
structure confirms the trans geometry. The crystallographic results also show that the ethy-
lene to resides in the plane described by the phosphine ligands.

The ethylene complexes formed from frans-TiMey(dmpe)2 are not as stable as those
formed from trans-TiCla(dmpe)2, but NMR spectroscopy supports the formation of com-
plexes TiMep(CaHa)(dmpe)(n1-dmpe), 2, and [TiMe(CoHa)(dmpe)]2(p-dmpe), 3, which
makes them the first titanium alkyl/alkene complexes observed. Heating solutions of 2 and
3 to -20 °C in the presence of excess ethylene results in the dimerization of ethylene to 1-
butene with a turnover rate of 440 hr-l. A few other early transition metal complexes react
similarly but all of these are considerably less active [12-18]. In the reaction of TiMes-
(dmpe)s with ethylene, Ziegler-Natta chemistry is not observed (i.e., there is no insertion of



ethylene into the Ti-CH3 bonds) as evidenced by the lack of alkene products with an odd
number of carbon atoms. The dimerization of ethylene is catalyzed by all of the TiX»-
(dmpe)> complexes, but at different rates (Me > BH4 > Cl > OPh). Two mechanisms for the
dimerization need to be considered [19]: (1) The oxidative coupling of two coordinated
ethylenes followed by B-hydride abstraction and reductive elimination, or (2) the double
insertion of ethylene into a titanium hydride followed by B-hydride elimination.

The oxidative coupling mechanism for the dimerization of ethylenes is supported by
the following observations. Titanium bis(alkene) intermediates can be formed by the addi-
tion of butadiene or 1,4- d1phenyl 1,3-butadiene to TiMez(dmpe)2. The resulting species
have the stmchmmctry TiMez(m? —C4H4R2)(dmpc) (R =H, 4; R = Ph, 5) and the latter has
been isolated and characterized crystallographically. At hlgher temperatures, the reaction of
TiMe2(dmpe)> with 1,3-butadiene proceeds further to form TiMe2(CgH12)(dmpe), 6. The
CgH12 ligand has the structure Ti-CHyCHCHCH>CH>CHCHCH3, and is formed by oxida-
tive coupling of two butadienes and allylic rearrangement to expand the ring [20-22]. The
reaction of TiMea(dmpe); with styrene proceeds via the same reaction steps untll the B-
hydride abstraction occurs. Since the phenyl groups are alpha to titanium, an 13-benzyl
interaction changes the reductive elimination step to favor the loss of methane. A second §-
hydride abstraction, loss of methane, and coordmanon of a third equwalent of styrene gives
the observed product, the titanium(Q) complex, Ti(m?2 styrenc)(n -C4HaPh2)(dmpe), 7.
These products support the intermediacy of several of the species in the proposed catalytic
cycle; bis(alkene), 4 and §; metallacycle, 6; and B-hydride abstraction, 7.

The inability of ethylene to insert into the Ti-CH3 bond is partly due to the strong
n-back bonding from the dyy orbital of titanium into the ethylene x* orbital, which fixes the
ethylene ligand in the plane of the phosphine ligands. In addition, insertion of ethylene into
the Ti-alkyl bond would eliminate the n-back bonding interaction completely, and such a re-
action is probably uphill thermodynamically. In contrast, the n-back-bonding interaction
promotes the coordination of a second alkene and the oxidative coupling of the two alkenes
to a metallacyclopentane, which is the first step in the alkene dimerization pathway. The re-
actions of the Tio(dmpe)2 complexes with other small molecules such as alkynes, CO, and
silanes have also been carried out and some of these will be described.
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