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We report the direct observation of the addition of multiple

olefinic units to isolated alkylzirconocene cations in the gas phase.
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octopole gave loss of methyl. Use of 1-butene instead of Ar in
the first octopole region and a tube lens potential set to produce
1 gave new peaks, prominent among which were the masses
corresponding t@ (n = 1) and3. The adduc® (n = 1) would
be the product of insertion of the olefin into the-AC bond of1,
while 3 would be the product arising from ,Hoss from 2.
Characterization o2 by CID of the mass-selected ions in the
second octopole gave the expected results. ZHor = 1), loss
of H, was the predominant process when the gas pressure in the
second octopole was low (below a few millitorr).

Mass selection a2 (n = 1) in the first quadrupole and collision
with more 1-butene (10 mTorr, near-zero collision energy) in the

The addition of 1-butene to the unsolvated cations occurs at asecond octopole produced the daughter-ion mass spectrum shown

rate up to a few orders of magnitude slower than diffusion-con-
trolled, which is still approximately F@imes faster than the cor-
responding solution-phase addition, for which the metallocene
cation is part of an ion pair, often with one or more additional

in Figure 1. Although, as mentioned above, reactions in the first
octopole gave complicated and variable distributions of products,
presumably due to the multiplicity of species present, the reaction
of mass-selecte? (n = 1) in the second octopole was remarkably

coordinating ligands (e.g., solvent). The observed gas-phase reacelean. Without doubt, addition of further units of the olefin has

tion corresponds to several propagation steps of a Zieglatta
polymerizationt which, while thoroughly investigated in solution

occurred, with2 (n = 1—3) clearly visible an@® (n = 4) present
if the scale is magnified 10-fold. Reaction bivith isobutylene

with closely related homogeneous catalysts, has not been previ-instead of 1-butene in the first octopole gives a prominent peak

ously observed in mass spectrometric studies of isolated metal-

locene ions. The combination of electrospray ionization of known
solution-phase catalysts and tandem mass spectrohogigns
new analytical, mechanistic, and even preparative possibilities.
The electrospray ionizatiditandem mass spectrometric (ESI-
MS/MS) experiment was performed in a modified Finnigan MAT

due to the addition product, with no accompanying loss of H
and only a small peak corresponding to Jdblss. Experiments
with ethylene and propylene gave similar results, although H
loss from the analogue @f(n = 1) was more difficult to suppress.
For ethylene, propylene, 1-butene, and isobutylene, a novel alkene
dehydrogenation reaction could also be observed.fdut not

TSQ-7000 mass spectrometer as described in our reports on gasfor 2.

phase C-H activatiot by [Cplr(PMe)(CHz)]", oxo-transfer
reaction§ by [O=MnV(salen)f, olefin metathesfsby [CI,Ru-
(=CHPh)(CyPCH,CH,NMes3)]*, and reversible hydrogenation/
dehydrogenation of olefifby [Rh(PMe),] " ions. Stabile solu-
tions of the tetrakis(pentafluorophenyl)borate salt of the meth-
ylzirconocene catiori, [Cp.ZrCHs]*, suitable for electrospray,
were prepared by treatment of a 20 solution of CpZr(CHs),

in acetonitrile with slightly less than 1 equiv of dimethylanilinium
tetrakis(pentafluorophenyl)boratédollowed by 10-fold dilution
with CH,Cl,. The solution was then electrosprayed with a “high”
pressure, 10 mTorr of Ar, of thermalization gas in the first

The present results constitute the first observation of multiple
olefin additions to a gas-phase metallocene cation that also
performs Ziegler-Natta polymerization in solutiol. While
electrospray mass spectrometry has been used to study catalytic
reactionst! reports in the literature have been limited to analysis
of solutions which were catalytically active. The gas-phase ions
themselves have been never shown to be competent as catalysts
in those studies. Previous attempts to observe the Ziedlatta
polymerization reaction in ICR experimertfsmost notably by
Richardson, Eyler, and co-workes'invariably led to produc-
tion of 3. For the wide range ofx-olefins investigated by

octopole region. The distribution and intensities of peaks in mass Richardson and Eyler, the analogue3for a product derived

spectrum were extraordinarily sensitive to traces of water, oxygen,

and other contaminants in the inlet system of the spectrometer.

Electrospray of dilute CkCl, solutions of [CpZr(CH3)(OTH)]*
was less successful due to difficulties in exclusion of traces of

from it) was the sole observed product of reactiod wfith olefins
bearing a8-hydrogen. In the case of otherolefins lacking a
pB-hydrogen, e.g. isobutylene anemethylstyrene, Richardson and
Eyler report exclusive conversion to products coming from loss

water and air during sample preparation and transfer. Traces of
water invariably led to the appearance of large peaks consistent,,,

with oxygen-bridged binuclear complexes PZaL)O(L')ZrCp;] ™
with the additional ligands being methyl, acetonitrile, or triflate.
Deuterium labeling of the original methylzirconocene triflate gave

results consistent with the structures.
+
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Nevertheless, a dominant peak correspondinglte- (CH;CN)
could be reproducibly observed. More severe desolvation condi-
tions (higher tube lens potential) convertdd CHz;CN) to 1,

from which collision-induced dissociation (CID) in the second
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Figure 1. Daughter-ion spectrum taken by electrospray of Jp
CHjz]*~B(CgFs)4, in dilute CHCI/CH3CN solution, thermalization and
reaction in octopole 1 with 1-butene, mass selectiomé = 291 in
quadrupole 1, further reaction with more 1-butene in octopole 2 under
near-zero energy, multiple-collision conditions, and finally mass analysis
in quadrupole 2. A small peak at/z= 459 can be seen if the scale is
enlarged. Addition of up to four units of 1-butene is evident, clearly
showing that the ZieglerNatta polymerization reaction proceeds in the
mass spectrometer with completely unsolvated complexes. Note the
absence of Hloss from the intermediate ions.
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of CHs. The H-loss and the Cliloss products, assumed to have
m-allyl structures, are catalytically inactive in further Ziegter
Natta steps. Accordingly, addition of more than one unit of an
olefin was not seen. On the other hand, reaction of olefins with
laser-vaporized Tiand Al in high-pressure mass spectrometric
experiment® gave multiple additions, frequently accompanied
by extensive dehydrogenation. There are, however, no solution-
phase analogues for these atomic cations or their reactions.
Richardson and Eyler attribute the difference between their

Communications to the Editor

+ 0.4) x 10®* M1 s ! reported by Richardson et #l. The result

is qualitatively reasonable on two grounds: (i) Lacking a
counterion or any charge donation by even a weakly coordinating
solvent molecule, and furthermore lacking any preequilibria to
form the active speci€s,the isolated cations should be intrinsi-
cally more reactive. (ii) The electrostatic interactfSmither ion
dipole or ion induced-dipole, which is screened out in solution,
effectively lowers the activation energy of a bimolecular-ion
molecule reaction by perhaps 10 kcal/mol relative to the same
reaction in solution. Taken from another point of view, the high
rate of olefin addition is completely normal for an iemolecule
reaction and therefore deserves no more than a passing comment.
This argument, however, underestimates the potential presented
by comparisons of the gas-phase and solution-phase results for
closely related ions, especially when the solution-phase activation
barrier is large enough so that it is not completely eliminated in
the gas phase. Furthermore, one may venture to predict that the
polymerization of a high pressure of anolefin (atmospheric
pressure instead of the currentlO mTorr) with an electrosprayed
Ziegler—Natta catalyst may result in a product with a very narrow
distribution of chain lengths due to “self-solvation” at a long
enough chain length. An indication that this effect may already
be operative for relatively short oligomers can be seen in the rela-
tive integrated peak intensiti@sof 2 (n = 2—4) in Figure 1.
Kinetic modeling of the reaction ¢f (n = 1) with 1-butene as a
series of consecutive reactions for a fixed total time finds that
the rate constant drops off sharply, withs(n=2)— 2 n=3))/

(K2 (n=3) — 2 (=4y) = 4 measured reproducibly on independent runs.
Whether the dropoff in rate is due to a nonspecific interaction
with the growing chain, i.e. a continuum dielectric effect, or to
specific intramolecular interactions such as theHCagostic in-
teractions currently believed to underlie stereoselection by chiral
metallocene catalys&is uncertain but will be the object of further
work.
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