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The exchange of two phosphine ligands in the metal dimer [Mo,Cl4{H,P—(CH,),~PH,},] was studied by
means of DFT calculations with the B3LYP functional. A dissociative mechanism was fully characterized
(minima, transition states) for the reaction that transforms the a isomer with two chelating diphosphines into
the p isomer with two bridging diphosphines. It is essentially a two-step mechanism, each step involving the
breaking of a Mo—P bond at a metal centre, followed by the formation of a new Mo-P bond with the other
metal centre. This Mo—P bond exchange processes are found to be accompanied by the migration of a
chloride ligand in the opposite direction. The activation energy computed at the unrestricted UB3LYP-bs
level (24 kcal mol™") is found to be in the range of experimental values.

Introduction

Quadruply bonded complexes of the Mo,Xy(dpe), type (X =
halide, dpe = diphosphinoethane) may exist in two isomeric
forms:' the o isomer with two chelating diphosphines and the p
isomer with two bridging diphosphines (Fig. 1). The & — B
isomerization has been observed both in solution®>™ and in the
solid state.*® The activation energies measured in solution lie
between 20 and 29 kcal mol™! (ref. 2 and 3) while, in the solid
state, a much higher value of 80 + 7 kcal mol~! has been
reported for the Mo,Cly(dppe), complex [dppe = 1,2-bis
(diphenylphosphino)ethane].® From the experimental data on
the Mo,Cly(dppe), complex, a unimolecular non-dissociative
process was believed to be likely in solution and in the solid
phase but a dissociative mechanism, with the initial breaking of
a single M—P bond, was also believed to take place for the
reaction in solution.*

In previous studies,”® we reported the DFT characterization
of a non-dissociative mechanism for the exchange of two
phosphines in such quadruply bonded dimers with either
monodentate phosphines (PH;)” or actual (diphosphi-
no)ethane ligands (dpe) linked to the metal centres.® This
mechanism, which involves the non-concerted jumping of
two phosphine ligands from one metal centre to the other,
has been supported by a recent Car—Parrinello study of the
isomerization processes in a related triply bonded ditungsten
complex.” Furthermore, the computed activation energy (28.5
keal mol~! with dpe ligands)® was found to be in the range of
the experimental barriers.

In this paper, we now report the characterization by DFT-
based B3LYP calculations of a multi-step dissociative mechan-
ism leading to the & — P isomerization in the [Mo,Cl4{H,P-
(CH»),—PH,},] complex. All the stationary points (minima and
transition states) were optimized and characterized by fre-
quency calculations.
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Computational details

Calculations were performed with the GAUSSIAN 98 series of
programs,'® using the same methodology as in our previous
works on the structural properties of Mo,Cly(PH3)s and
Mo,Cl4{H,P—(CH,),—PH,}, complexes (n = 1, 2).8"11 Density
functional theory (DFT)'>!3 was applied with the B3LYP
functional.'*'® Both the spin-restricted (R) and spin-unrest-
ricted (U) forms of the B3LYP functional were used. In the
unrestricted formalism, we made use of the broken-symmetry
approach proposed by Noodleman'” (indicated as UB3LYP-bs
hereafter). Geometry optimizations of the stationary points
and frequency calculations were performed at the RB3LYP
level, the energies being recomputed at the UB3LYP-bs level
by means of single-point energy-only calculations. Since '(S?)
values close to 1 were found in our singlet state UB3LYP-bs
calculations, spin-projected energies were calculated with the
approximate spin correction procedure proposed by Yamagu-
chi and coworkers!®'%and already applied to UB3LYP-bs
calculations.”®1!?° Assuming that the contamination of the
singlet wavefunction is only from the lowest *3* triplet state,''?!'¢
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Fig. 1 Schematic structures of the a and B isomers in Mo,X4(dpe),
complexes.
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the spin-corrected energy (' Esc) is given by: 'Esc = 'Eupsiyp
+ fsc(lEUB3Lyp — 3EUB3LYP)s in which the fraction of spin
contamination fsc is given by '(S?)/C(S?) — '(S%). A quasir-
elativistic effective core potential operator was used to repre-
sent the 28 innermost electrons of the molybdenum atom?! as
well as the electron core of the Cl and P atoms.?? The basis set
for the metal was that associated with the pseudopotential,?!
with a standard double-{ LANL2DZ contraction.'® The
basis set for the P and Cl atoms was that associated with
the pseudopotential,?® with a standard double-{ LANL1DZ
contraction'® supplemented with a set of d-polarization
functions.”® A 6-31G basis set was used for the C and H

atoms.?*
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Results and discussion

The structure of the stationary points (minima and transition
states) are depicted in Fig. 2; more detailed geometries and
energetic results (AE, AH and AG) are reported in Table 1. In
the following description of the reaction mechanism, only the
energies computed at the RB3LYP level are given.

Starting from the o isomer [Fig. 2(a)], the elongation of the
Mol-P1 bond leads to a transition state [TS1, Fig. 2(b)]
located 14.6 kcal mol~! above the & isomer. Surprisingly, the
lengthening of the Mol-Pl bond (Mol-P1 = 3.072 A) is
accompanied by the migration of a chloride ligand (Cl13) from
Mo2 to Mol so that it is bridging the two metal centres in TS1

(¢) Min 1

Cl2

P4

ycn
Wcl

’P1

(i) B isomer

Fig. 2 Optimized structures of the a isomer (a), TS1 (b), Min 1 (c), TS2 (d), Min 2 (e), TS3 (f), Min 3 (g), TS4 (h) and the B isomer (i) of the
[Mo,Cl4{H,P—(CH;}>,—PH,),] complex. Hydrogen atoms are omitted for clarity.
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Table 1 Main geometrical parameters and energetic results (kcal mol™") for the & (ref. 11d), TS1, Min 1, TS2, Min 2, TS3, Min 3, TS4 and p
(ref. 11¢) structures of the [Mo,Cl4y{H,P—(CH,),—PH,},] complex. Distances are in A and angles in degrees

o TS1 Min 1 TS2 Min 2 TS3 Min 3 TS4 B
Mol-Mo2 2.174 2.171 2.181 2.189 2.212 2.198 2.183 2.181 2.200
Mol-P1 2.515 3.072 3.321 5.179 3.503 3.402 3.422 3.415 3.474
Mol-P3 3.489 3.497 3.518 3.497 3.519 4.571 5.336 5.106 2.561
Mo2-P1 3.489 4.835 5.441 4.810 2.521 2.525 2.559 2.557 2.561
Mo2-P3 2.515 2.500 2.477 2.470 2.477 2.725 3.176 5.340 3.474
Mol-ClI 2.448 2417 2.407 2.394 2.399 2.593 3.288 3.575 3.835
Mol-CI3 3.800 2.760 2.473 2.393 2.410 2.405 2.397 2.392 2.423
Mo2-Cll 3.800 3.751 3.720 3.738 3.745 2.836 2.438 2.383 2.423
Mo2-CI3 2.448 2.620 2.982 3.319 3.774 3.835 3.838 3.838 3.835
Mo2-Mol-P1 95.9 133.8 162.5 68.1 45.8 47.9 48.4 48.4 47.4
Mol-Mo2-P3 95.9 96.7 98.0 97.1 97.1 136.2 169.2 72.0 47.4
Mo2-Mol-Cl1 110.4 109.6 108.2 109.2 108.5 72.1 47.8 40.5 35.7
Mol-Mo2-CI3 110.4 69.6 54.6 46.1 37.0 353 34.9 34.7 35.7
AE (RB3LYP) 0.0 14.6 13.2 17.8 —-2.7 10.3 9.3 13.8 —6.6
AH (298.3 K)* 0.0 13.9 13.0 17.1 —-23 9.9 9.5 13.5 —5.9
AG (298.3 K)* 0.0 12.7 9.5 15.1 2.2 10.0 7.3 11.4 -5.0
AE (UB3LYP-bs)” 0.0 13.3 19.4 24.0 3.6 8.6 6.2 11.2 —11.0
AEg, (UB3LYP-bs)* 0.0 13.0 239 28.4 8.0 9.0 6.2 11.2 —9.4

@ ZPE and thermal corrections are computed using the characterization of the stationary points at the RB3LYP level. ? Single-point calculation
using the geometry optimized at the RB3LYP level. ¢ Spin-corrected (UB3LYP-bs) calculation (see computational details).
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(Mo2-CI3 = 2.62 A and MolCI3 = 2.76 A). The complete
breaking of the Mol-P1 bond leads to a shallow secondary
minimum [Min 1, Fig. 2(c)] in which CI3 is now linked to Mol
instead of to Mo2 as in the a isomer. The reorientation of the
P1 free end of the diphosphine ligand through the TS2 transi-
tion state [Fig. 2(d)] allows formation of the new Mo2-P1 bond
[Min 2, Fig. 2(e)]. This minimum, found to be 2.7 kcal mol™

more stable than the starting o isomer, is a mixed-valence
complex [Mo(1)-Mo(1i1)] with one chelating and one bridging
diphosphine ligand. The second part of the mechanism, leading
to the B isomer with two bridging diphosphines, is very similar
to the first one. The breaking of the Mo2-P3 bond is accom-
panied by the migration of Cl1 from Mol to Mo2 [TS3, Fig. 2(f)
and Min 3, Fig. 2(g)]. TS3 is located 13.0 kcal mol~! above Min

y;

Fig. 3 Energly profile associated with the a-to-f isomerization (dissociative mechanism) in the [Mo,Cl4{H,P—(CH,),—PH,},] complex. The energies
(in kcal mol ") are given at the RB3LYP level.
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Fig. 4 Changes in the RB3LYP energy profile given by single-point calculations at the UB3LYP-bs (grey circles) and spin-corrected UB3LYP-bs

(black squares) levels.

2, a value very similar to that found for the breaking of the first
Mo-P bond (14.6 kcal mol™"). After a reorientation of the P3
end [TS4, Fig. 2(h)], the Mo1-P3 bond is formed leading to the
p isomer [Fig. 2(i)], which is more stable than the & isomer by
6.6 kcal mol ™"

The whole energy profile for this dissociative mechanism is
shown in Fig. 3. It can be described essentially as a two-step
mechanism. Each step involves the breaking and the reforma-
tion of a Mo—P bond with the other metal centre, each Mo—P
bond exchange being accompanied by the migration of a
chloride ligand in the opposite direction. From an energetic
point of view, the activation energy along the reaction pathway
is equal to 17.8 kcal mol™" (AH = 17.1, AG = 15.1 kcal
mol™"). These are significantly lower than the values found
previously at the same RB3LYP level for the non-dissociative
mechanism (28.3, 27.6 and 28.8 kcal mol~! for AE, AH and
AG, respectively)® and also lower than the experimental activa-
tion energies for the reaction in solution,>? between 20 and
29 kcal mol™! (see next section).

In our previous calculations on quadruply bonded transition
metal dimers,”%!! a lowering of the lowest singlet state energy
was found by using the unrestricted broken symmetry formal-
ism (UB3LYP-bs). As a matter of fact, such calculations allow
the balance between covalent and antiferromagnetic coupling
to be optimized by localizing the magnetic orbitals more or less
on the metal centres. Single-point energy-only UB3LYP-bs
calculations were thus performed on all the stationary points
characterized at the RB3LYP level. An energy lowering was
found for the a0 and B isomers and for structures TS1, TS3,
Min 3 and TS4. Therefore, the energies of these five structures
on the reaction path are overestimated at the RB3LYP level.
On the contrary, no broken symmetry solution of lower energy
were found for Min 1, TS2 and Min 2 (Fig. 4). It is noteworthy
that these three latter structures are the Mo(1)-Mo(11) mixed-
valence complexes involved in the reaction mechanism. There-
fore, the localization of the MOs on one of the two metal
centres was already found at the RB3LYP level. The major
consequences of these additional calculations are (i) the in-
crease of the activation energy, from 17.8 (RB3LYP) to 24.0
(UB3LYP-bs) kcal mol™! and to 28.4 kcal mol~! when spin-
corrected energies are used. These latter values are in better
agreement with the experimental activation energies (20—
29 kcal mol™") and in the range of that found previously for
the non-dissociative mechanism (32.4 kcal mol™' at the
UB3LYP-bs level); (ii) the relative destabilization of the sec-
ondary minimum Min 2, which becomes less stable than the o
and B isomers, by 3.6 and 14.6 kcal mol~', respectively
(UB3LYP-bs), and by 8.0 and 17.4 kcal mol™' using spin-

corrected energies. Furthermore, the energy barrier to convert
Min 2 into the more stable p isomer is reduced to 7.6 kcal
mol~' (UB3LYP-bs) and to 3.2 kcal mol ™' with spin-corrected
energies. This result is also in agreement with the experimental
data since, to our knowledge, the Min 2 isomer with one
chelating and one bridging diphosphine has not been observed.

Conclusion

A dissociative mechanism has been fully characterized in the
[Mo,Cl4{H,P—(CH,),—PH,},] complex for the reaction that
connects the o isomer, with two chelating diphosphine ligands,
to the P isomer with two bridging diphosphine ligands. It is
essentially a two-step mechanism,with each step starting by the
breaking of one Mo—P bond. The Mo-P bond exchange
between the two metal centres is found to be accompanied by
the simultaneous migration of a chloride ligand in the opposite
direction. Therefore, the first step transforms the o isomer into
an intermediate with one chelating and one bridging dipho-
sphine ligand (Min 2) and the second step transforms Min 2
into the B isomer. The activation energy computed at the
unrestricted DFT-UB3LYP-bs level (24 kcal mol™!) makes
this dissociative mechanism competitive with the non-dissoca-
tive mechanism characterized previously.
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