Phosphines exchange in quadruply bonded metal dimers: theoretical proposal
for an alternative to the internal flip mechanism
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The non-concerted jumping of two phosphine ligands from
one metal center to the other in [Mo,CIl4(PH3),] is found to
be <30 kcal mol—! (1 cal = 4.184 J) energy costing process
(DFT calculations).

Quadruply bonded complexes of [MoxX4(dpe),] type (X =
halide, dpe = diphosphinoethane) may exist in two isomeric
forms:1 the o« isomer with two chelating diphosphines and the 3
isomer with two bridging diphosphines (Fig. 1). In the former,
the M0oxXoP, units are essentidly eclipsed while internal
rotational angles between 25 and 65° have been found in the
latter.2
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Fig. 1 Schematic structure of « and B isomers in [M0X4(P-P);]
complexes

The o — [} isomerization has been observed both in solu-
tion3-6 and in the solid state.>7 From the experimental data on
[MoxCl4(dppe)2],> two mechanisms are believed to be com-
petitive in solution: (i) a dissociative process in which one or
both dppe ligands would break one of their M—P bonds; (ii) a
unimolecular non-dissociative process. In the solid state, only
the latter would be at work.5 A fascinating mechanism has been
proposed4-6 for the non-dissociative process, the so-caled
internal flip mechanism. It involves as the rate-determining step
theinternal rotation of the Mo, unit inside the cavity formed by
the eight ligand atoms (Scheme 1), followed by some internal
rotation around the Mo—Mo bond. At the mid-point structure,
four ligands (2P, 2X) would bridge the two metal centers. An
activation energy of ca. 24 kcal mol—1 has been estimated for
the non-dissociative mechanism in [Mo.Br4(dppe),] (solu-
tion).4 In the related [Mo,Cl4(dppe),] complex, a similar
activation energy has been measured in solution (28.9 + 1 kcal
mol —1).3 However, amuch higher value (80 £+ 7 kcal mol—1) has
been found for the solid-state reaction,” athough the flip
mechanism was believed to be at work in both phases. Since
1985 until very recently, this mechanism has been invoked for
ligands exchange processes in various bimetallic complexes,d
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Scheme 1 Schematic picturing of the internal flip mechanism in [MoX4-
(P-P);] complexes

the activation energies in solution lying between 20 and 29
kcal mol—1.8cef

Cayton and Chisholm have addressed the feasibility of such
an intriguing process via an orbitad symmetry analysis.®
Fenske-Hall calculations on the [Mo,Clg]4— complex have
shown the rigid rotation of the Mo, unit to be a symmetry
alowed process, but the Walsh diagram reveded that one &
bonding MO was destabilized by about 2.5 eV and that the Mo—
Mo bond should be elongated in the intermediate structure.
These calculations did not however alow the authors to
estimate the energy barrier associated to this mechanism.

Here we report the results of DFT calculations on the
[MoxCl4(PH3)4 complex used as a model for the rea
MooX 4(P-P), systems. Calculations were performed with the
B3LY P functional1© within both the restricted (RB3LY P) and
the unrestricted broken-symmetry (UB3LYP-bs) formal-
isms.§11.12 Structures 1 and 2, with cis and trans phosphines on
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each metal center, respectively, were used as models for the «
and [ isomers. Full geometry optimizations led to structures of
Con and Dyg symmetry, respectively.13 The 3 isomer (2) was
found to be the most stable, the energy difference being almost
independent of the method of calculation (12.3 and 13.2
kcal mol—1 for RB3LYP and UB3LYP-bs methods, respec-
tively).

The mid-point structure associated with the flip mechanism
was optimized within C; constraint and keeping the four
bridging ligands in a plane perpendicular to the Mo—-Mo bond.
The RB3LY P structure was found to be located 86.4 kcal mol—1
above the « isomer (1) with an Mo-Mo distance elongated to
2.525 A. Single-point energy-only calculation of this structure
using the UB3LY P-bs method led to avery similar result (89.2
kcal mol—1). It is noteworthy that these values are close to the
experimental activation energy reported for the o« — 3 conver-
sion of [Mo,Cl4(dppe),] in the solid state (80 + 7 kcal mol—1).7
Although we failed in locating a stationary point in this region
of the potential energy surface, the possibility for the flip
mechanism to be operativein the solid stateis, at least, |eft open
by our calculations. However, it is unlikely on energetic
grounds for the reaction in solution (E, < 30 kca mol—1).
Therefore, we searched for another mechanism for the « — f§
isomerization reaction.

Exploration of the potential energy surface for phosphine(s)
migration processes led to the localization of a stationary point
which was further characterized as a transition state (a single
imaginary frequency of 124i cm—1). Moving along the reaction
coordinate on both sides of the transition state confirmed it
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Fig. 2 Optimized geometry of the transition state for the « (1) — B (2)
conversion. Hydrogen atoms of the phosphine ligands are omitted for
clarity. The transition vector is also pictured.

connects the o« (1) and B (2) isomers through a one-step
mechanism. The main feature of the transition state structure
(Fig. 2) is the presence of a single bridging phosphine (P3,
initially bound to Mo2 in the « isomer), with Mo1—P3 2.820 A
and M02-P3 3.150 A (UB3LYP-bs). Although P3 is closer to
Mol thanto Mo2, no Mo—P bond isfully broken at thetransition
state. Another interesting feature is that the Mo—Mo distance
(2.181 and 2.240 A at the RB3LYP and UB3LYP-bs levels,
respectively) is ca. 0.3 A shorter than in the mid-point
associ ated with the flip mechanism and close to that found at the
same level of calculations in the quadruply bonded structures 1
and 2.13 Last but not least, the computed activation energy (28.4
and 28.8 kcal mol—1 at the RB3LYP and UB3LY P-bs levels,
respectively) is in good agreement with the experimental
estimates for the « — [ conversion of quadruply bonded metal
dimersin solution.

The whole reaction mechanism is pictured in Scheme 2 (for
the atom numbering, see Fig. 2). It involves first the migration
of one phosphine (P3) from Mo2 toward Mol, leading to the
bridged transition state. Next P3 binds definitely Mol, thus
creating avacancy at the Mo2 center and a distorted octahedral
arrangement around Mol. Finaly P1, which is more suitably
oriented than P2 with respect to the vacant site, migrates from
Mol to Mo2 to form the § isomer. This mechanism can thus be
described as the successive jumping of two phosphine ligands
from one metal center to the other.

Although satisfactory in several aspects with respect to the
experimental data in solution, there is however one result this

B (-13.2)

Scheme 2 Mechanism for the « (1) — f (2) conversion going through the
transition state given in Fig. 2. Hydrogen atoms of the phosphineligandsare
omitted for clarity.
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mechanism does not account for: in the [Mo.Cl4(dpdbp),]
complex, it has been shown that the a-syn and «-anti isomers
convert to the 3-syn and B-anti isomers, respectively.¢ Such a
stereoselectivity would require the migration of P2 instead of
that of P1inthelast stage of the reaction path (Scheme 2). Such
change might be due to the constraints exerted by the bridging
diphosphines in rea B-[MoxX4(P-P);] systems,2 the P-Mo—
Mo-P dihedral angles being smaller than in our model complex
2 (90°). These constraints should be at work not only at the very
end of the reaction (§ isomer) but just after the transition state
has been reached, when P3 binds Mol (one ‘bridging
diphosphine’ involving P4 and P3 atoms). Therefore, the
reaction path for [Mo,Cl 4(dpe),] systems should be modifiedin
its last stage by an internal rotation around the Mo-Mo bond
which might in turn make P2 more suitably oriented than P1 for
migration from Mol to Mo2.
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§ Calculations were performed with the GAUSSIAN 94 series of
programst! with a basis set of valence double-¢ quality on the metal
atom?1.12a gnd valence double-£11.12b + d polarization functions!2 for the P
and Cl atoms. Effective core potentials (ECP) were used to represent the 28
innermost electrons of the Mo atom122 as well as the electron core of the P
and Cl atoms.120 6-31G basis set was used for the H atoms.12d

1 F. A. Cotton and R. A. Walton, Multiple Bonds between Metal Atoms,
Wiley, New York, 1982.

2 F.A.Cotton, J. L. Eglin, B. Hong and C. A. James, Inorg. Chem., 1993,
32, 2104.

3 I. F. Fraser, A. McVitie and R. D. Peacock, J. Chem. Res. (S), 1984,
420.

4 P. A. Agaskar, F. A. Cotton, D. R. Derringer, G. L. Powell, D. R. Root

and T. J. Smith, Inorg. Chem., 1985, 24, 2786.

P. A. Agaskar and F. A. Cotton, Inorg. Chem., 1986, 25, 15.

F. A. Cotton and S. Kitagawa, Polyhedron, 1988, 7, 463.

A. McVitie and R. D. Peacock, Polyhedron, 1992, 11, 2531.

(a) F. A. Cotton and R. L. Luck, Inorg. Chem., 1989, 28, 4522; (b)

R. G. Abbott, F. A. Cotton and L. R. Falvello, Polyhedron, 1990, 9,

1821; (c) H. Chen, F. A. Cotton and Z. Yao, Inorg. Chem., 1994, 33,

4255; (d) F. A. Cotton, E. V. Dikarev and W.-Y. Wong, Inorg. Chem.,,

1997, 36, 2670; (e) F. A. Cotton, E. V. Dikarev and W.-Y. Wong, Inorg.

Chem., 1997, 36, 3268; (f) M. H. Chisholm, J.-H. Huang, J. C. Huffman

and |. P. Parkin, Inorg. Chem., 1997, 36, 1642; (g) M. H. Chisholm, K.

Folting, W. E. Streib and D.-D. Wu, Inorg. Chem., 1998, 37, 50.

9 R. H. Cayton and M. H. Chisholm, Inorg. Chem., 1991, 30, 1422.

10 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785; A. D.
Becke, J. Chem. Phys., 1993, 98, 5648; P. J. Stephens, F. J. Delvin,
C. F. Chabalowski and M. J. Frisch, J. Phys. Chem. 1994, 98,
11623.

11 M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson,
M. A. Robb, J. R. Cheeseman, T. A. Keith, G. A. Petersson, J. A.
Montgomery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzewski,
J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B. Stefanov, A.
Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen,
M. W. Wong, J. L. Andres, E. S. Replogle, R. Bomperts, R. L. Martin,
D. J. Fox, J. S. Binkley, D. J. Defrees, J. Baker, J. J. P. Stewart, M. Head-
Gordon, C. Gonzalez, J. A. Pople, Gaussian 94, Gaussian, Inc.,
Pittsburgh PA, 1995.

12 (a) P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 299; (b) W. R.
Weadt and P. J. Hay, J. Chem. Phys., 1985, 82, 284; (c) A. Hollwarth, M.
Bohme, S. Dapprich, A. W. Ehlers, A. Gobbi, V. Jonas, K. F. Kohler, R.
Stegman, A. Veldkamp and G. Frenking, Chem. Phys. Lett., 1993, 208,
237; (d) W. J. Hehre, R. Ditchifeld and J. A. Pople, J. Chem. Phys.,
1972, 56, 2257.

13 A. Lledos and Y. Jean, Chem. Phys. Lett., 1998, 287, 243.

o ~NOo G

Received in Basel, Swnitzerland, Sth April 1998; 8/02706D



