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The minimum energy crossing point between the doublet and
quartet potential energy surfaces of CpMoCl,(PH,), is calcu-
lated to lie 4.8 kcal mol™! lower in energy than the doublet
dissociative intermediate CpMoCl,(PH,). Implications for the
influence of spin state changes on the rates of organometallic
reactions are discussed.

The reactivity consequences of spin state changes in solution
phase organometallic chemistry are not yet fully understood.!
Although it has been proposed that having to hop from the
potential energy surface (PES) of one spin state to another
might slow reactions down, several kinetic studies of ligand
addition processes have found no such “spin flip barrier”.>~*
The influence of spin state changes on the reactivity of tran-
sition metal ions in the gas phase, however, is fairly well estab-
lished,>~” and these reactions provide useful models for
condensed phase processes. For example, studies of the reac-
tions of gas phase metal oxide ions, such as that between
FeO*' and CH,, have recently led to new insights into the
chemistry of cytochrome P-450 and of other metal-oxo species
relevant to biochemistry and organic synthesis.® 14
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Several years ago, we reported that dissociative phosphine
exchange reactions in spin doublet CpMoCl,(PR;), complex-
es were unexpectedly fast [eqn. (1)], and proposed that this
acceleration was due to a facile spin-forbidden dissociation to
a quartet CpMoCl,(PR;) intermediate, occurring with a
barrier lower than that for the pathway involving spin-
allowed dissociation to the corresponding doublet.!> Recent
advances in computational techniques, particularly density
functional theory (DFT),'% have made it possible to assess the
relative energies of unsaturated organometallic species in dif-
ferent spin states. Calculations on CpMoCl,(PH;), (n =1, 2)
models confirmed that the proposed pathway would be ther-
modynamically favorable, with the CpMoCl,(PH;) interme-
diate predicted to have a quartet ground state.l”
Computational support for the all-important kinetic feasibility
of the proposed mechanism was less forthcoming. Evaluation
of rates of non-adiabatic reactions'® with spin state changes
requires (@) an unambiguous determination of the energy at

the minimum energy crossing point (MECP) between the rele-
vant PESs and (b) calculation of the strength of the spin—
orbit-induced coupling between the two PESs at that point. In
this Letter, we have calculated both points (a) and (b) for the
CpMoCl,(PH;), system. The MECP is found to lie consider-
ably lower in energy than the spin doublet dissociative inter-
mediate and there is substantial spin—orbit coupling at that
point, in full support of the mechanistic hypothesis. For point
(a), we have compared two approaches for locating the
MECP: the partial optimization method, which has been fre-
quently used in studies of transition metal chemistry, and the
explicit full-dimensional optimization of the MECP, which
until now had not been performed for such a large, realistic
polyatomic model as that studied here. We believe that this
latter method will prove to be broadly useful for the theoreti-
cal investigation of spin state effects in transition metal chem-
istry in solution.®-%-19-21

In the first place, we have studied the crossing between the
doublet and quartet PESs of the CpMoCl,(PH;), system
using the partial optimization method. This approach has
already been frequently used to estimate the position of the
MECP in various complex models of solution phase
organometallic reactions.?>~2% It involves multiple geometry
optimizations on both PESs whilst holding constant one care-
fully selected internal geometry parameter, until a value for
the parameter is obtained at which both spin states have the
same energy. The parameter chosen is usually a bond length,
or an angle between two bonds, which has markedly different
values at the minima corresponding to the two spin states.
Because of the multiple partial geometry optimizations
required, the method can be rather computationally expen-
sive, but of more concern is the fact that it only provides an
estimate of the lower energy limit to the MECP because all the
other degrees of freedom are optimized separately on the two
surfaces. Therefore, the “crossing point” located using this
technique is in fact two different points, which, depending on
which unique parameter is chosen and on the features of the
two PESs, may or may not be very similar to each other and
to the real MECP. A measure of how different the two points
are can be obtained by computing single point energies on
each PES at the partially optimized geometry of the other
one. These energies can also be used as very rough upper
energy limits for the MECP.

The results of our DFT computations on the dissociation of
PH; from CpMoCl,(PH;), using this procedure are illus-
trated in Fig. 1 and Table 1. As noted previously,!” the disso-
ciated 15-electron CpMoCl,(PH;) species has a quartet
ground state, calculated here to lie 8.4 kcal mol ! below the
doublet. The coordinate we have chosen to vary is the Mo—P
distance, along which the interaction of doublet
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Fig. 1 Energies of partially optimized doublet and quartet
CpMoCl,(PH;), relative to the overall doublet minimum, at various
fixed Mo—P distances, including dissociated CpMoCl,(PH;) (dashed
lines) and estimated upper limit of the crossing point energy (+).

CpMoCl,(PH;) with the incoming phosphine ligand is purely
attractive, whereas the corresponding quartet PES is purely
repulsive. The two curves cross near the point with a fixed
Mo-P distance of 3.43 A. At this distance, their relative ener-
gies [defined with respect to the CpMoCl,(PH;), doublet
minimum] are both within 0.1 kcal mol ™! of 11.9 kcal mol 1.
Single point computations for each spin state at the partially
optimized geometry of the other spin state give higher ener-
gies, 18.9 and 20.2 kcal mol ™!, respectively, for the doublet
and the quartet. This reflects the differences between the par-
tially optimized geometries on the two PESs (Fig. 2), which
are significant if not enormous.?” The estimated lower and
upper limits to the MECP’s energy obtained in this way can
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Fig. 2 Optimized geometry of MECP between doublet and quartet
CpMoCl,(PH;), . Selected bond lengths and angles for the partially
optimized doublet (plain text), partially optimized quartet (italics), and
MECP (bold).

be seen (Fig. 1) to lie, respectively, well below and just above
the doublet dissociation asymptote of 16.9 kcal mol 1.
Although the lower limit is the more reliable of the two, there
does remain a certain ambiguity as to the position of the
MECP, and therefore, as to whether or not the pathway for
spin-forbidden dissociation to the quartet will be kinetically
favored over the spin-allowed doublet route.

The importance of locating MECPs explicitly when trying
to understand spin-forbidden reaction mechanisms is well rec-
ognized, and several groups have done so in the study of
medium-sized organic and main group inorganic systems.
Recent examples include the interconversion of singlet and
triplet phenyl cation,?8-2° the unimolecular dissociations of
triplet methoxy cation®® and of ethylenedione,®! and the two
combustion reactions, HC + N, 32 and O + C,H,.>*® Some
applications to small transition metal containing systems have
also been reported, such as the gas phase dehydrogenation of
methane by the scandium cation.* However, many of the
methods available for finding MECPs3%:3¢ are based on the
use of complete active space self-consistent field (CASSCF)
computations, whose expense generally scales very badly with
system size. Although many useful results can be obtained
with carefully executed CASSCF computations on transition
metal systems,®” this expense factor does in part explain why
no MECP for a reaction of a large organometallic compound
has yet been optimized. However, except when the wavefunc-
tion of one or both of the spin states is intrinsically multi-
referential in nature, which is not the case here, there is no
fundamental reason why CASSCF-based computations are
needed to locate MECPs. Instead, any ab initio method, pro-
vided it describes both states in a sufficiently accurate way,
can be used for this purpose.26-3® Our approach,?® which is a
simple modification of two previously described ones,3%38
relies on combining the separately computed energies and gra-
dients on the two PESs so as to produce an effective gradient,
which is then followed downhill towards the MECP. Its com-
patibility with DFT computations, the method of choice at
the present time for computations on large transition metal
systems,'® makes it ideal for the present work.

We have accordingly optimized the geometry (Fig. 2) of the
MECP between the doublet and quartet PESs of
CpMoCl,(PH;),. The structure obtained is similar to those
derived using the partial optimization method. Interestingly,
the main odifference is in the “special” Mo—P distance, which is
over 0.2 A shorter in the fully optimized structure. The relative
energy at the MECP is 12.1 kcal mol ™!, ie. 4.8 kcal mol~!
lower than the doublet dissociation asymptote. We have also
used computations to estimate the root mean square (RMS)
doublet—quartet spin—orbit coupling (SOC) at the MECP and
find it to be of the order of 250 cm~!. This value is large
enough to ensure facile surface hopping at the MECP.3°
Combining these results on the energy of the MECP and the
spin—orbit coupling provides full support for the mechanistic
hypothesis, whereby dissociation of doublet CpMoCl,(PH;),
proceeds through the quartet intermediate, CpMoCl,(PH,;).
Thus, far from being a hindrance, the spin state change
actually facilitates ligand dissociation by lowering the activa-
tion enthalpy compared to an alternative reaction pathway
that remains confined to the doublet PES.!*

Table 1 Mo-P bond lengths (A) and relative energies [in kcal mol~?, relative to the optimized doublet CpMoCl,(PHj;),] of spin doublet and

quartet CpMoCl,(PH;), complexes

Complex Mo-P Doublet Quartet
CpMoCl,(PH;), 2.580 0.0 —
CpMoCl,(PH;) + PH, — +16.9 +8.5
Partial optimization 3.430 +11.9 +11.8
Est’d upper limit 3.430 +18.9 +20.2
MECP 3.201 +12.1 +12.1
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To compare the two methods for characterizing MECPs,
one can see that the energy of the fully optimized structure is
rather close to that of the crossing point of the partial opti-
mization curves. Also, the geometries are reasonably close,
with the exception of the Mo-P distance, where there is a
quite significant difference. The overall good agreement
obtained is probably due to the nature of the reaction: for the
phosphine exchange process, the choice of the Mo—P bond as
a “special” coordinate for the partial optimization process is
relatively straightforward and the differences in the optimized
values of the other parameters on the two surfaces, whilst sig-
nificant, are not major. The fact that the explicit MECP local-
ization does not require a “special” coordinate, and can be
started from an arbitrarily chosen geometry,?®:36:38 is poten-
tially valuable for cases where identifying such a parameter is
less obvious. Before explicitly optimizing the MECP, it was
not immediately apparent that the differences between the
optimized values for the other degrees of freedom on the two
PESs would not exert a more severe influence. While the only
criterion available for judging the quality of the partial opti-
mization result, the single-points upper limit calculations,
provide little help, the explicit MECP localization is unam-
biguous. It is also a matter of interest to note that fully opti-
mizing the MECP is the less computationally demanding of
the two approaches. Overall, therefore, apart from availability
issues, there appears to be no reason to prefer partial opti-
mization in studies of crossings of PESs of different spin.

In contrast to gas phase studies of transition metal ions,
much work remains to be done to investigate the effect of spin
state changes on reactivity in solution phase organometallic
chemistry. Recently, spin state effects in solution have been
addressed in the reactions of metal-oxo compounds,!®~!# and
in C-H and Si-H activation by unsaturated CpM(CO),
species.!®2° In these cases, different spin states exhibit distinct
reactivity patterns and the factors that influence the spin
crossover process play a dramatic role in dictating the
observed reactivity. It is hoped that the computational deter-
mination of MECPs in transition metal systems, using the
explicit technique shown to be possible and preferable in this
Letter, will prove useful in the identification and examination
of further examples of this phenomenon. More generally, we
believe this will contribute to an enhanced awareness and
understanding of the effects of spin state changes in
organometallic reactions.

Computational details

The ab initio computations described in this Letter were
mostly performed with Gaussian 94, using the B3LYP
hybrid density functional, together with the standard
LanL2DZ basis sets on all atoms, and the associated effective
core potentials on the Mo, P and Cl centers. Unrestricted
“wavefunctions” were used throughout, with the expectation
value of S? being very close to its ideal value in all cases. C,
symmetry was assumed for all structures. For the calculation
of the spin—orbit coupling, the semi-empirical effective nuclear
charge one-electron operator approach*! was applied, using
the Gamess-USA program.*? Full CI wavefunctions in the
space of the Mo 4d orbitals were used to describe the doublet
and quartet. Due to computational restrictions, these were
expanded using ROHF orbitals optimized for one of the two
states, with a standard double-zeta all-electron basis set on all
the lighter atoms, together with the standard SBK relativistic
effective core potentials and basis set on Mo. The effective
charges used were those of ref. 41(a), except for Mo, where a
value of 200 was optimized to fit the experimental splitting of
Mo3*(*F). The low quality of the wavefunctions used is
shown by the different values obtained using the quartet
(RMS SOC: 314 cm™!) and doublet (213 cm 1) orbitals in the
calculations. Based on experience with other systems,2631

however, we believe that as an estimate, our proposed value of
250 cm ™ ! should not be too far wrong.
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