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As shown in Figure 2, the nickel atom is in a trigonal
environment, and the bonding in the nickelacyclopropane
unit is slightly unsymmetrical, with the Ni~C(2) distance
being somewhat shorter than the Ni-C(1) distance. The
o twist of the C(1)-C(2) bond, measured!? as the angle
between the C(1)-C(2) line and the NiCIP(1) plane is 8.5
(7)°, so that C(1) and C(2) deviate by 0.05 and 0.26 A,
respectively, from the mean least-squares coordination
plane of the nickel atom. As expected the ylidic P(2)-C(2)
distance at 1.77 (1) A is appreciably shorter than the av-
erage P(2)-Me bond length (1.81 (2) A). Conversion of 2
to its isomer 1d is sufficiently slow to allow detailed NMR
studies to be carried out. The results of these studies,
which are summarized in Figure 3, conclusively show that
the solid-state structure of this compound is maintained
in solution.!

Work is now in progress to clarify the mechanism of this
unusual rearrangement and to ascertain the potential role
of 2 and of the other related species as intermediates in
alkyne transformations induced by transition-metal com-
plexes.
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rameters for 1b and 2 (12 pages). Ordering information is given
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(12) Crystal data: CyClHg;NiOPy; M, = 509.7; orthorhombic; space
group Pbea; a = 20,638 (5) A, b = 20.09 (1) A, ¢ = 12.913 (5) A; V = 53
54 A3 D yoq = 1.26 g cm™; Z = 8; F(000) = 2160; u(Mo Ka) = 9.59 cm™.
Diffraction intensity data were collected on an Enraf-Nonius CAD-4F
diffractometer using the w—26 scan technique. Of the 4669 reflections
measured in an octant out to 26 = 40°, 1277 unique reflections were
considered observed (I = 34(I)). The structure was solved by Patterson
and Fourier techniques and refined by least squares to an R value of
5.6%. The carbon atoms were considered isotropic. The hydrogen atoms
were geometrically placed and included with fixed contributions in the
refinement cycles, except H(1) whose coordinates, taken from a Fourier
difference map, were refined.

(13) See for instance; Jolly, P. W. In “Comprehensive Organometallic
Chemistry”, Wilkinson, G., Stone, F. G. A,, Eds.; Pergamon Press: Ox-
ford, 1982, Vol. 6, Chapter 37.5 and references therein.

(14) The assignment has been confirmed by selective decoupling ex-
periments. The spectra were recorded in C¢Dg, at 250 MHz (*H) and at
101.2 MHz (*'P). IR (Nujol mull, cm™): 1600 (»(CO)). Anal. Caled for
CysH3;OP,CINi: C, 58.9; H, 7.3. Found: C, 57; H, 7.3.
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Summary: We have studied the rearrangement of di-
chlorotitanacyclobutane to the corresponding (olefin)tita-
nium methylidene complex, characterizing in detail the
wave functions, geometries, and energetics of each
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complex and the transition state connecting them. We
find that the metallacycle is more stable than the olefin
alkylidene complex by 11.5 kcal/mol and that there is no
activation barrier for the rearrangement. We have further
determined the olefin coordination energy to be 10.4
kcal/mol. From straightforward kinetic arguments we
conclude that metathesis of the dichlorotitanacyclobutane
complex, proceeding via a dissociative mechanism,
should have an activiation enthalpy of 21.9 kcal/mol.

Olefin metathesis® is a transition-metal-assisted reaction
that occurs quite easily with early transition metals. For
example the Arrhenius activation energy for this reaction
has been measured'® to be as low as 6.6 kcal/mol. The
generally accepted mechanism for olefin metathesis! in-
volves the reaction of a metal alkylidene with an olefin to
form a metallacyclobutane that then decomposes to gen-
erate a new olefin and a new alkylidene complex. If the
metal-carbon 7 bond is considered to be at least partially
covalent, then this is a thermal 2 + 2 reaction, predicted
to be “forbidden” by orbital symmetry rules.?

In this study we consider the isomerization of the parent
dichlorotitanacyclobutane to form an ethylenetitanium
methylidene complex. Previous work® has shown this
chloride system to be a reasonable structural and energetic
model of dicyclopentadienyltitanacyclobutane, a moder-
ately active olefin metathesis catalyst.* We present cal-
culations® characterizing the initial metallacycle and the
final olefin methylidene complex as well as the transition
state connecting them, demonstrating this reaction to have
a very low barrier.

The geometry of the metallacycle is shown schematically
in Figure 1a. The carbon—carbon bond distances (1.57 &)
are comparable to typical aliphatic carbon—carbon dis-
tances. The configuration at C, is nearly tetrahedral, but
there are substantial departures from tetrahedral config-
urations at C; and C;, with extremely small skeletal angles
of 88.1°, The cyclopentadienyl analogue of this metalla-
cycle, dicyclopentadienyltitanacyclobutane, displays a
similar arrangement of bond lengths and angles at the
carbon atoms.® QOur calculated Ti~C bond lengths of 2.12
A are also in good agreement with the observed 2.15 A.
The bonding interactions are as discussed previously.®

The product olefin methylidene complex is shown
schematically in Figure 1c. The dichlorotitanium methy-
lidene moiety is only weakly perturbed by the presence of
the olefin from the configuration found previously to be
optimum for the isolated alkylidene complex.®® Principle
differences arise from steric interactions between the
chloride ligands and the olefin, as the chlorides bend
substantially out of the titanium-methylidene plane. The
olefin seeks to reduce its interaction with the methylene
group, and assumes an assymetric orientation, with the
Ti—C, distance 0.1 A greater than the Ti-C; distance.
Similarly, the angle subtended by the C,-Ti axis and the

(1) (a) Hughes, W. B. J. Am. Chem. Soc. 1970, 92, 532-537. (b)
Grubbs, R. H. Prog. Inorg. Chem. 1978, 24, 1-50. (c) Calderon, N,;
Lawrence, J. P.; Ofstead, E. A. Adv. Organomet, Chem. 1979, 17, 449-492.

(2) Woodward, R. B.; Hoffmann, R. J. Am. Chem. Soc. 1965, 87,
395-397. Woodward, R. B.; Hoffmann, R. “The Conservation of Orbital
Symmetry”; Verlag Chemie: Gmbh., Weinbeim /Bergstrasse, 1970.

(3) (a) Rappé, A. K.; Goddard III, W. A, J. Am. Chem. Soc. 1982, 104,
297-299. (b) Francl, M. M.; Pietro, W. J.; Hout, R. F.; Hehre, W. J.
Organometallics 1983, 2, 281-286.

(4) (a) Howard, T. R.; Lee, J. B.; Grubbs, R. H. J. Am. Chem. Soc.
1980, 102, 6876-6878. (b) Lee, J. B.; Gajda, G. J.; Schaefer, W. P.;
Howard, T. R.; Ikariya, T.; Straus, D. A.; Grubbs, R. H. Ibid. 1981, 103,
7358-7361. (c) Lee, J. B.; Ott, K. C.; Grubbs, R. H. Ibid. 1982, 104,
7491-7496. (d) Straus, D. A.; Grubbs, R. H. Organometallics 1982, 1,
1658-1661.
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C;-Ti-C, bisector is about 96°. The ethylene unit itself
is very weakly perturbed: it is essentially planar, and all
bond distances and angles depart only slightly from the
corresponding gas-phase values. The titanium-methylene
bonding interaction is essentially unchanged from that of
the dichlorotitanium methylidene complex discussed
elsewhere.5®

From differences in total energies of the reactants and
products and the calculated vibrational frequencies, we
estimate the thermodynamics of the isomerization reaction
to have a AHyg of +11.5 keal/mol, a ASygg of +6.5 cal/(deg
mol), and a AGygg of +9.6 kcal/mol. The realtive stability
of the metallacycle is consistent with the experimentally
observed thermodynamic preference for the metallacycle
in the dicyclopentadienyl analogue.*

Given the greater stability of the metallacycle, we would
expect the transition state in the isomerization reaction
to bear a resemblance to the olefin methylidene complex,
and indeed this is the case. The calculated transition state
is shown schematically in Figure 1b. The only major
differences between the product and the transition state
appear in the position of the olefin atoms. The angle
between the C,-Ti axis and the C;—Ti-C, bisector de-
creases in the transition state to 90°, the C;—Ti and C,—C,
distances are significantly shorter (by 0.16 and 0.22 A,
respectively, relative to the product), and the C,-Ti and
C,-Ti distances shorten only slightly (by 0.05 and 0.01 A,
respectively, relative to the product). Thus the reaction
coordinate involves both a rotation of the olefin center of
mass about the Ti atom away from C; and a rotation of
the olefin about its center of mass. The energy change
along this coordinate possesses a negative second deriva-
tive, and calculated gradients in the energy at the geometry
shown are zero, identifying this as a saddle point.

(5) All of the calculations reported here were carried out by using
Cartesian Gaussian basis sets. For both CI®* and Ti, an effective potential
was used to replace the core electrons. For geometry optimizations a
(73,%5:/ 3s,2p) basis was used for carbon® and a (4s/2s) basis for hydro-
gen.® The carbon basis was augmented with a single set of d Gaussians
(¢ = 0.75) for a final set of calculations at the optimum geometries. For
chlorine a valence minimum basis (3s,3p/1s,1p)> was used. For Ti, the
core potential was obtained by using the method of Kahn. A valence
double ¢ (3s,2p,4d/2s,2p,2d) basis® was used with this 5poten’cia.l. Both
Hartree-Fock (HF) and generalized valence bond (GVB)® wave functions
were obtained during each step in the geometry optimization procedure.
Near the reaction saddle point, however, a more general form of self-
consistent wave function was used that allowed optimization of spin
couplings as well.%8 Thermodynamic estimates were obtained by using
the GVB orbitals as a basis for configuration interaction (CI) calcula-
tions.®® The reactant, product, and transition-state geometries were
optimized by calculating analytic first derivatives (with respect to coor-
dinate variation) for the total Hartree-Fock energy, using the method of
Dupuis and King.? Second derivatives were estimated by constructing
an approximate force constant matrix from molecular vibrational data
and correcting it after each new test geometry via finite difference of
analytic first derivatives, essentially as outlined by Schlegel.¥ (b) Rappé,
A. K; Smedley, T. A.; Goddard III, W. A. J. Phys. Chem. 1981, 85,
1662-1666. (c) Rappé, A. K.; Goddard III, W. A. In “Potential Energy
Surfaces and Dynamics Calculations™; Truhlar, D. G., Ed.; Plenum Press:
New York, 1981; pp 661-684. (d) Dunning, T., Jr.; Hay, P. J. In “Modern
Theoretical Chemistry: Methods of Electronic Structure Theory”;
Schaefer I1I, H. F., Ed.; Plenum Press;: New York, 1977; Vol. 3, Chapter
1,p 1. (e) Hay, P. J.; Wadt, W. R; Kahn, L. R. J. Chem. Phys. 1978, 68,
3059-3066. (f) Bobrowicz, F. W.; Goddard III, W. A. In “Modern Theo-
retical Chemistry: Methods of Electronic Structure Theory”, Schaefer
III, H. F. Ed.; Plenum Press: New York, 1977; Vol. 3, Chapter 4, pp
79-127. (g) A computational procedure developed by F. W. Bobrowicz,
based upon: Ladner, R. C.; Goddard IIf, W. A. J. Chem. Phys. 1969, 51,
1073~1087, and: Bobrowicz, F. W. Ph. D. Thesis, California Institute of
Technology, 1974. (h) Total energies from configuration interaction
calculations are as follows: metallacycle, —1884.0677; = complex,
—1884.0534; transition state, —1884.0498; alkylidene + olefin, —1884.0344.
(i) Dupuis, M.; King, H. F. J. Chem. Phys. 1978, 68, 3998-4004. Dupuis,
M.; Rys, J.; King, H. F. QCPE 1981, 13, 403. (j) Schlegel, H. B. J.
Comput. Chem. 1982, 3, 214-218.

(6) Eisenstein, O.; Hoffmann, R.; Rossi, A. R. J. Am. Chem. Soc. 1981,
103, 5582-5584.
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The transition-state energetic minimum found here lies
only 2.3 keal/mol above the olefin methylidene complex
and is essentially degenerate with it after the zero point
correction. The activation barrier for conversion of the
metallacycle to the olefin methylidene complex is thus
equivalent to the thermodynamic difference of 11.5
kcal/mol.

For the metathesis process, the metallacycle is presumed
to open into the 7 complex and subsequently exchange
olefins as shown in eq 1. To address the kinetics of this

*

C C==C #e=c* "C=C" c
Y - f_"_c S SO -
LZM\C/C = L ,M=C¢C = LoM=C =5 LZM\C/C 1)

reaction, we have also carried out calculations measuring
the binding energy of the olefin in the = complex (eq 2)

C1,TiCH,(C,H,) — Cl,TiCH, + C;H, 2)

and obtain AHygs = 10.4 kcal/mol. From a straightforward
analysis of the kinetics of the metathesis reaction we
conclude that the observed rate should reflect an activation
enthalpy of approximately 21.9 kcal/mol (10.4 + 11.5
kcal/mol). Experimentally, the irreversible reaction of a
B-tert-butyldicyclopentadienyltitanacyclobutane with di-



1442 Organometallics 1984, 3, 1442-1444

phenylacetylene has been found to possess an activation
enthalpy of 26.9 kcal/mol,* qualitatively consistent with
our results. Alternatively, the measured activation energy
could be associated with a rate-limiting conversion of the
metallacycle to the = complex, which would only be valid
if the barrier for the reverse reaction (v complex to me-
tallacycle) is similar in magnitude to the olefin binding
energy (~10 kcal/mol). This interpretation is inconsistent
with our calculated barrier (~0 kcal/mol) but leads to
relative thermodynamic placements of the metallacycle
and 7 complex similar to those presented here (eq 2).
Finally, an associative mechanism (where both olefins are
bound to the alkylidene complex) is possible for our co-
ordinatively unsaturated dichloro complex (the bis(olefin)
complex would be a 12-electron system) and in fact has
a barrier lower than the dissociative mechanism described
above (~10 kcal/mol lower). This associative mechanism
is not likely for the experimental dicyclopentadienyl sys-
tem as the bis(olefin) complex would be a 20-electron
system (barring cyclopentadienyl ring slippage) but is
possible for other highly coordinately unsaturated systems.

Hoffmann and co-workers® have studied the olefin me-
tathesis reaction pathway using the extended Hiickel
method. The set of complexes they examined included
Cp,Ti(CH,)(C,H,), for which they obtained results diam-
etrically opposed to other theoretical work,? experiment,*
and the work reported here. Specifically, they find the
metallacyclobutane substantially less stable than the olefin
methylidene complex (by approximately 20 kcal/mol).
Further, they find the global potential energy surface
minimum to be associated with a geometry close to that
found here for the saddle point. This minimum was found
to be approximately 6 kcal/mol below the olefin methy-
lidene complex. A point of agreement common to our
work, experiment, and Hoffmann and co-workers is that
the observed barrier should be smail.

The extention of the above results to olefin metathesis
(eq 3) in general is straightforward. As discussed above

R’,C=CR/’; + R,C=CR, — 2R/,C=CR, 3

we find this process to have a very low kinetic barrier. As
noted previously®** the difficulty for titanium systems is
the thermodynamic instability of titanium methylidene
complexes. For Cr, Mo, and W oxo dichloride methylidene
systems, with appropriate cocatalysts, the thermodynamics
are balanced.” The activation energetics presented here
suggests that these Cr, Mo, and W oxo systems will be
quite active catalysts with small kinetic and thermody-
namic barriers. Thus, our theoretical results are in
agreement with the experimental evidence from the
Schrock group.?

Registry No. CLTiCH,(C,H,), 91158-49-5; dichloro-
titanacyclobutane, 79953-32-5; dicyclopentadienyltitanacyclo-
butane, 80122-08-3.

Supplementary Material Available: Details of computa-
tional procedures employed to obtain complex geometries and
thermodynamic data (2 pages). Ordering information is given
on any current masthead page.

(7) Rappé, A. K.; Goddard III, W. A. J. Am. Chem. Soc., 1982, 104,
448-456.

(8) Schrock, R. R.; Rocklage, S.; Wengrovious, J.; Rupprecht, G.;
Fellmann, J. J. Mol. Catal. 1980, 8, 73-83. Wengrovious, J. H.; Schrock,
R. R.; Churchill, M. R.; Missert, J. R.; Youngs, W. J. J. Am. Chem. Soc.,
1980, 102, 4515-45186.
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Summary: The reaction of cobaltous chloride with 2
equiv of the 2,4-dimethylpentadienyl anion (2,4-C,;H,;")
leads to a dimeric product in which each cobalt atom is
coordinated by an 7°-2,4-C,H,, ligand and by an n*-buta-
diene portion of half a bridging 2,4,7,9-tetramethyl-
2,4,6,8-decatetraene ligand, which was formed by the
intermolecular coupling of two 2,4-C;H,, ligands. The
coupled ligand is unusual in that an isomerization from a
1,3,7,9-decatetraene ligand seems to have taken place.

We have recently shown that the pentadienyl ligand
forms a wide range of stable compounds with transition
metals.? Of initial interest have been the bis(pentadie-
nyl)metal complexes, wherein the metal may be titanium,
vanadium, chromium, iron, or ruthenium, and a wide range
of structural, spectroscopic, chemical, and theoretical
studies have now been reported for these “open
metallocenes™.>® As all of the above compounds possess
electron configurations in the range of 14-18 (less than or
equal to the noble-gas configuration), it was clearly of
interest to investigate the nature of “open metallocenes”
formally having even greater electron counts.*

The reaction of cobaltous chloride with 2 equiv of the
2,4-dimethylpentadienyl anion in THF at —78 °C leads to
the formation of a deep red-brown solution, which seems
to initially contain monomeric bis(2,4-dimethyl-
pentadienyl)cobalt.” On standing at low temperature,
however, slow deposition of a less soluble material takes
place, occasionally yielding a homogeneous crop of small
crystalline material in yields of up to 80%. Initial ana-
lytical and mass spectral data suggested a dimeric for-
mulation,” [Co(C;H1)]5, which was ultimately confirmed

(1) NSF Predoctoral Fellow, 1980~1983.

(2) (a) Wilson, D. R.; Ernst, R. D.; Cymbaluk, T. H. Organometallics
1983, 2, 1220. (b) Stahl, L.; Ernst, R. D. Ibid. 1988, 2, 1229. (c) Wilson,
D. R.; Liu, J.-Z.; Ernst, R. D. J. Am. Chem. Soc. 1982, 104, 1120. (d) Liu,
J.-Z.; Ernst, R. D. Ibid. 1982, 104, 3737. (e) Ernst, R. D,; Liu, J.-Z,;
Wilson, D. R. J. Organomet. Chem. 1983, 250, 257.

(3) (a) Bohm, M. C.; Eckert-Maksié¢, M.; Ernst, R. D.; Wilson, D. R,;
Gleiter, R. J. Am. Chem. Soc. 1982, 104, 2699. (b) Boéhm, M. C.; Ernst,
R. D.; Gleiter, R.; Wilson, D. R. Inorg. Chem. 1983, 22, 3815. (c) Ernst,
R. D.; Wilson, D. R.; Herber, R. H. J. Am. Chem. Soc. 1984, 106, 1646.

(4) This, of course, assumes that both ligands are n® bound, which may
not be the case.

(5) (a) The monomeric species may well contain one »° and one n*-
pentadienyl ligand.¢ (b) Treatment of the initial solution with ferricinium
tetrafluoroborate led to a yellow-orange product, insoluble in pentane but
soluble in THF and methylene chloride. A mass spectrum indicated the
expected Co(C;H,;),BF, composition. A single-crystal X-ray diffraction
study was undertaken® and the cobalt atom and BF,~ unit were readily
located. It appeared that two 2,4-dimethylpentadienyl ligands were
present, but these were badly disordered. Attempts are being made to
prepare this cation as a salt with other anions. (c) Hutchinson, J. P;
Wilson, D. R.; Ernst, R. D., unpublished results.

(6) (a) It can be noted that (C5H5)CT(C;}I§’) has been formulated as a
17-electron complex with an 78-CgHj, ligand,®® while (C;H;) Ti(CsHp) is a
17-electron complex with an 78-CgHg ligand.® (b) Mller, J.; Menig, H.
J. Organomet. Chem. 1975, 96, 83. (c) Van Oven, H. O.; de Liefde Meijer,
H. J. Ibid. 1969, 19, 373.

(7) (a) Anal. Caled for C,,H,,Co: C, 67.46; H, 8.90. Found: C, 66.71;
H, 9.11. (b) In addition to the expected parent ion (m/e 498, relative
abundance = 3%), other expected fragments were observed, e.g., Co (59,
12%), C;H;, (95, 29%), and (C;Hy,), (190, 20%). A monomeric fragment
(m/e 249) was not observed. (c) The crude dimer solutions react cleanly
with potential ligands such as phosphites to yield good yields of the
appropriate ligand adducts of mono(2,4-dimethylpentadienyl)cobalt.
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