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Correlation between 'V NMR Chemical Shift
and Reactivity of Oxovanadium(v)
Catalysts for Ethylene Polymerization**

Michael Biihl*

Olefin polymerization is one of the most important industrial
applications of organometallic catalysts.!l The most widely
used catalysts in both homo- and heterogeneous reactions are
of the Ziegler type, that is, based on Ti and Zr species along
with certain cocatalysts.>*l The key step (not necessarily the
rate-determining one) is the insertion of the olefin into a
metal —carbon bond. Several such reactions and thus many
potential catalysts for olefin polymerization are known. Silica-
supported vanadium catalysts have attracted some attention
in this context.’) The oxidation state of the active vanadium
species is still being debated ;! low-valent species have been
typically assumed, but studies on a soluble model compound
have indicated that vanadium in the oxidation state v can also
be catalytically active.l’! Upon addition of alkylaluminum
reagents the simpler model compound 1 also shows mild
catalytic activity for ethylene polymerization.l From multi-
nuclear NMR spectroscopy it has been concluded that in the
active catalyst, the organoaluminum compound is coordinat-
ed to the terminal oxygen atom of 1.

[VO(CH,SiMe;);]  [VOMe;]  [V(O--- AlH;)Me;)
1 2 3

Recent calculations for model systems 2 and 3, employing
gradient-corrected levels of density functional theory (DFT),
have corroborated this conclusion and have outlined a plausible
mechanism for ethylene polymerization by 3 [Eq. (1)].[8) The
rate-determining step is ethylene insertion into a V- C bond

3(TS)

[V(O - AlH;)Me;] + H,C=CH, — [V(O--- AlH,)(CH,CH,Me)Me,]
3 1)

via the transition structure 3(TS), which has approximate
square —pyramidal coordination about the vanadium center.
The role of the cocatalyst is addressed here in more detail, and
the dependence of the computed insertion barrier on the specific
Lewis acid is examined. As the latter is also found to affect the
chemical shifts of the reactant complex substantially, it is
suggested that prospective cocatalysts may be identified by
31V NMR spectra of their adducts with, for example, 1.
Apart from 3, model catalysts [V(O --- X)Me;] derived by
addition of Lewis acids X have been investigated: none (2),
Li* (4), SbFs (5), and H" (6). Absolute and zero-point
energies”!% of reactant minima and transition states, as well
as the resulting barriers are collected in Table 1, and the
transition structures are displayed in Figure 1. As expected,
[*] Dr. M. Biihl
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Table 1. Absolute energies E,, and and zero-point energies (in square
brackets) of reactants and transition states for the system [V(O --- X)Mes] +
C,H,, insertion barriers AE, (including BP86/AE1 zero-point corrections), and

chemical shifts 0(°'V) (with respect to [VOCL]) of the reactants.

Molecule X E,, (minima)[®! E,o (TS)1 AED 5¢'V)d
2 - —1139.12352 [66.0] —1217.67283 [101.5] 22.2 1062
3 AIH; —1383.34929 [78.5] —1461.90418 [114.6] 19.1 1407
4 Lit  —1146.46946 [66.7] —1225.02605 [102.4] 17.8 1557
5 SbFs —1643.87993 [74.3] —1722.43720 [109.6] 16.9 1766
6 H* —1139.44031 [70.8] —1218.00770 [107.3] 11.9 1911

[a] BP86/I level; absolute energies in Hartree; ZPE in kcalmol™!; each
minimum has no imaginary frequency, each transition state has one imaginary
frequency. [b] Values for ethylene at the same level are —78.57773 [31.2].
[c] (BP86/1+ ZPE) level; in kcalmol~. [d] GIAO-B3LYP/I level for BP86/1

geometries.
X
X - 2(TS) 1.594 2238
AlHg  3(TS) 1.643 2062
LIt 4(TS) 1.651 o 29G3
SbF, 5(TS) 1658 "-‘-T-*U 2257
H* 6(TS) 1734 & ¢ o 2.280

2172 —
2126 :
5407 2157 398
sqaq 2233
2188 2205

2282

2.325

Figure 1. Transition structure for ethylene insertion into a V—C bond of 2
and Lewis adducts thereof; key distances are given in A (BP86/I-optimized
structures).

the uncatalyzed reaction (i.e. starting from 2) has the highest
computed insertion barrier, 22.2 kcal mol~!. Addition of AlH,
lowers the barrier by roughly 3 kcalmol~!. Inspection of the
natural charges!'! and Wiberg bond indices!™? in Figure 2
gives some information on the reason for this barrier
reduction. As the coordination number at the vanadium atom
is increased, in other words on going from the reactant 2 to the
transition state 2(TS), the V- O bond order decreases and the
negative charge on the oxygen atom increases. Both effects
appear to be quite small, but they are somewhat more
pronounced in the corresponding AlH; adducts. On going
from 3 to 3(TS) the negative charge on the oxygen atom
increases by 13 % and the V-0 bond order decreases by 7%
(Figure 2). Apparently, the Lewis acid stablilizes the negative
charge on the oxygen atom more efficiently in the transition
state than in the reactant complex, thereby lowering the
overall barrier.

As a consequence, stronger Lewis acids should stabilize the
transition structure even more effectively and should thus
further reduce the barrier. For instance, with Li* as cocatalyst,
a barrier of 178 kcalmol™! is computed, more than
1 kcalmol~! lower than that with AIH; (Table 1). Similar
“electrostatic accelerations” have been predicted computa-
tionally for pericyclic reactions['® and are known experimen-
tally (for instance, the rates of Diels — Alder and ene reactions
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Figure 2. Natural charges (in boxes) and Wiberg bond orders (in paren-
theses) for 2, 3, and the corresponding transition structures for ethylene
insertion (obtained from natural population analysis at the BP86/I level).

are enhanced by inorganic lithium salts!'¥). A further
reduction of the barrier to 16.9 kcalmol~! is predicted when
SbF; is the cocatalyst. Finally, with one of the strongest acids
conceivable, unsolvated H*, the computed barrier is only
11.9 kcalmol~!. This result may be of little immediate
relevance for chemistry in solution, but may serve as a rough
estimate for the lower limit for the barrier that can be reached
with this type of system. (Note that the theoretical numbers
are not necessarily of quantitative accuracy; the computed
trends, however, should be reliable.)

Complexation of the Lewis acid at the terminal oxygen
atom affects not only the barrier, but also the chemical shifts
of the oxovanadium(v) reactants. For instance, the >'V signal
of 1 is shifted to higher frequency by Ad=370 upon
coordination of Al(CH,SiMej;);.[" Similar deshielding, Ad =
345, is obtained on going from model system 2 to its AlH;
adduct 3 (see Table 1). Moreover, successive deshielding of
the 'V nucleus is computed on proceeding from 2 to
compounds 4, 5, and 6, with a value of up to Ad=2851 for
the latter (Table 1). This deshielding can be understood in
terms of paramagnetic contributions due to magnetically
induced coupling**! between the occupied V- C bonding MOs
(one “oyc” and two “myc”) and the virtual, antibonding
orbital, “oy”. The latter is strongly stabilized upon proto-
nation (on going from 2 to 6), much more than the former.
Hence, the energetic separation between both is reduced and
the resulting paramagnetic contributions are enhanced.

As illustrated in Figure 3, the Lewis acid X affects both
O0(*'V) of the reactants and the insertion barrier in a similar
way. While there is no strictly linear relationship between
these two properties, the general trend is obvious: enhanced
deshielding of the 'V nucleus is paralleled by a decrease of
the insertion barrier.

There are several reports of empirical correlations of
transition metal chemical shifts with kinetic parameters!'‘]
and, in some cases, even with catalytic activities.'>!8] Such
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Figure 3. Correlation of DFT-derived barriers to ethylene insertion AE,
(BP86/1+ ZPE) and chemical shifts 6(*'V)(GIAO-B3LYP/I) for the Lewis
acid adducts [V(O - X)Me;].

correlations are potentially very useful because reactivities of
new compounds can be estimated from the NMR spectra
alone. In some cases, DFT calculations have reproduced and
rationalized the experimental findings.'"”! The results sum-
marized in Figure 3 constitute the first theoretical prediction
of such a NMR —reactivity correlation. When applied to the
experimental system 1, these data indicate that the polymer-
ization activity towards ethylene may be increased by Lewis
acids stronger than the alkylaluminum reagents employed so
far.’l Most significantly, it should be possible to screen
suitable cocatalysts by recording 3V NMR spectra of the
complexes formed initially with 1:?% the complexes with the
most deshielded d(°'V) resonance should also be the most
reactive ones. If the lower limit of the ethylene insertion
barrier is around 12 kcalmol~! as computed for 6 (with H* as
cocatalyst), catalysts derived from 1 can most likely not match
the high activity of the Kaminsky-type zirconocenes, for which
propagation barriers on the order of 7 kcalmol~! have been
estimated.?! Nevertheless, it would be very interesting to test
experimentally whether the catalytic activity of 1 can be
significantly increased by suitable cocatalysts, and whether
the predicted NMR —reactivity correlation of Figure 3 can be
verified (provided possible problems with the solubility and
stability of potential catalysts can be overcome).
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