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The B-migratory insertion of olefins into metal—carbon bonds
is recognized as a fundamental carbon—carbon bond forming
process that is central to metal-catalyzed dimerization, oligo-
merization, and polymerization reactions (eq 1).! Model
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systems that provide direct evidence for the A-migratory
insertion reaction remain few in number.>"¢ The microscopic
reverse of S-insertion, C—C cleavage via $-alkyl elimination,
has been observed even more rarely (eq 1). Only in the past
15 years has S-methyl elimination become recognized as an
important chain termination step in early transition metal-based,
model Ziegler—Natta polymerization systems.””'® In late
transition metal systems, there are few reports in which S-alkyl
elimination has even been proposed.!”"?> Herein we report the
first direct observation of reversible 3-methyl elimination and
insertion, as well as the first direct observation of S-alkyl
elimination at a late transition metal center.

The ruthenacyclobutane (SiP3)(PMes)Ru(;72-CH,CMe>CH>)
(1) (SiP; = MeSi(CH,;PMe:);) was synthesized in 72% yield
from treatment of (SiP3)(PMe;)RuCl,?* with 2 equiv of Me;-
CCH:MgCl (0.66 M, Et,0) in THF solvent. In addition to full
spectroscopic and analytical characterization, the solid state
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structure of 1 was determined by single-crystal X-ray diffrac-
tion.* An ORTEP diagram of the molecule is shown in Scheme
1. The most notable feature of the structure is that the four-
membered metallacyclic ring is planar and no close contacts
between the metal center and the ring-bound methyl groups
exist. Metallacycle 1 is closely related to (PMes)sRu(77?-CH,-
CMe;CH>), which was synthesized from (Me;CCH,);Mg and
Ruy(OAc)4Cl in the presence of PMes.?

Thermolysis of 1 (0.020 M, C¢Dg, 75 °C, 12 h) produces
(SiP3)Ru(Me)(17°-CH,CMeCH,) (2) in >98% yield as measured
by 'H NMR spectroscopy (integration against p-MeOCsH,sOMe
internal standard) (eq 2). Complex 2 is isolated as a mixture
of endo and exo isomers (6:1 endo:exo) from thermolysis of 1
in 42% yield after crystallization from (Me;S1)>0.26 Complex
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2 can also be synthesized independently by treatment of
(SiP3)(PMes)Ru(Me)(Cl) with CH,=CMeCH,MgBr (0.2 M,
Et;0) in THF. Complex 2 was recognized as the formal
B-methyl migration product, and an investigation into the
mechanism of the rearrangement was undertaken.?’

Scheme 1 illustrates two mechanistic possibilities that could
provide the allyl product, both proceeding through a formal 16e™
intermediate, (SiP3)Ru(72-CH>CMe>CH,) (3). The first involves
B-transfer of the methyl group between the central carbon of
the hydrocarbyl ligand and the metal center (path a), and the
second is a three-step process that involves cycloreversion to
give a methylidene intermediate (4), C—H activation, and finally
o-hydride migration (path b). The two pathways predict dif-
ferent products from the thermolysis of labeled material. Path
a requires that rearrangement of (SiP3)(PMes)Ru(7?-CD>C(CH;),-
CH:) (1-d>) yield no scrambling of deuterium into the Ru-bound
methyl group; path b requires deuterium scrambling into the
Rubound methyl group. The synthesis of 1-d> is analogous to
that of 1 employing instead the labeled Grignard reagent (CH3)s-
CCD,;MgBr.2® Thermolysis of 1-d; yields one isotopomer for
each of the endo and exo allyl species (SiP3)Ru(CH3)(73-CD,C-
(CH3)CH>) (2-d>) as confirmed by NMR spectroscopy (‘H and
13C) and mass spectrometry. This result supports the S-methyl
transfer pathway and rigorously excludes the cycloreversion
pathway.

A kinetic investigation in the presence of excess phosphine
also provided results consistent with S-methyl transfer, but
revealed an additional feature: reversibility. We defined the
observed phenomenological rate constants as k; for the overall
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migratory insertion reaction and k. for its reverse, the S-elimina-
tion (eq 2). In order to establish the reaction order in both 1
and phosphine, the absolute concentration of PMe; must be
known. It is convenient to control this quantity, and to simplify
the kinetic behavior of the system, by operating under conditions
that assure pseudo-first-order rate behavior in 1. Conversion
of 1 to 2 was therefore studied in the presence of excess PMe;
while the progress was monitored by 'H{*>'P} NMR spectros-
copy. Appearance of 2 as measured by integration of the Ru—
Me resonance against p-MeOCgH,OMe internal standard and
disappearance of 1 as measured by the Si—Me resonance
followed pseudo-first-order behavior over 5 half-lives. In each
case the rates of appearance of 2 and disappearance of 1 were
the same within error; however, the appearance data were used
in subsequent calculations, as the Ru—Me resonance (6 —0.85)
is well separated from the other resonances.

Under the high PMes concentration conditions, the rearrange-
ment of 1 to 2 did not proceed to completion. Instead, the
reaction proceeded until measurable equilibrium concentrations
of 1, 2, and PMe; were obtained. The fortuitously small AGy,
allowed the measurement of both the observed rate and the
equilibrium ratio of 1 and 2. The fact that an equilibrium was
observed was further confirmed by reconversion of an isolated
mixture of 2endo and 2exo to an equilibrium mixture of 1 and 2
by the addition of PMe;.

General expressions for ks and K were obtained (eqs 4 and
5) for the mechanism involving reversible PMe; dissociation
followed by reversible S-methyl transfer (eq 3). The pseudo-
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first-order conditions employed were such that k—[PMe;] >
k>, allowing simplification of the expression for ko (€q 6). Our
data are consistent with the predictions arising from this
expression for koys; Namely, the rate is depressed by added PMes;,
and at very high PMes concentrations kq»s approaches k-».
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The rate constant for the 3-methyl transfer step, k-2, may be
expressed in terms of the experimentally determined variables
kqns and K by linear reduction of eqs 5 and 6 (eq 7). A complete
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study of the temperature dependence (346.8 K < T < 390.5 K)
at high [PMe3] of Keq, k. and k; (=k-> under these conditions)
yielded the activation parameters associated with the S-methyl
transfer step: AG¥3637 = 28.6 £ 0.7 kcal mol™!, AH* = 26.0
+ 1.2 keal mol™!, and AS* = —10.5 £ 0.9 cal K™! mol™".
Values for the thermodynamic parameters associated with the
interconversion of 1 with 2 + PMe; are AGi,, (3637 K, 1 M
PMe3) = —1.16 & 0.07 kcal mol™!, AH x, (1 M PMe;) = 14.3
+ 1.1 kcal mol™!, and AS°., (1 M PMe3) = 41.3 & 2.8 cal
K~ ! mol~!. We estimate the rate of PMe; dissociation, ki, to
be >7 s7! (<20 kcal mol™") primarily on the basis of NMR
line-broadening at temperatures above 50 °C. We attribute the
broadening to exchange of free and bound PMe; on the NMR
time scale. Experiments designed to provide a more precise
measurement of k; and k-/k; are currently underway.

In summary, we have directly observed the first reversible
overall B-alkyl elimination/allyl migratory insertion reaction.
On the basis of the results of the labeling study and the kinetic
investigation, we favor a mechanism for this process that
involves simple methyl transfer with the intermediacy of a 16e™
unsaturated intermediate. Further studies on the mechanism and
scope of the B-alkyl transfer are being pursued.

Acknowledgment. We acknowledge the National Science Founda-
tion (Grant No. CHE-9113261) for generous financial support of this
work and Dr. F. J. Hollander, Director of the University of California
at Berkeley X-ray diffraction facility (CHEXRAY), for helpful dis-
cussions.

Supplementary Material Available: Spectroscopic and analytical
data for compounds 1 and 2, representative kinetics data and plots for
the conversion of 1 to 2, and additional structural data for 1 (12 pages).
This material is contained in many libraries on microfiche, immediately
follows this article in the microfilm version of the journal, can be
ordered from the ACS, and can be downloaded from the Internet; see
any current masthead page for ordering information and Internet access
instructions.

JAS43823V



