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Summary: Energy-resolved collision-induced dissocia-
tion cross-section measurements are applied to the
reaction by which a rhenium diolate complex loses an
aldehyde to produce a rhenium carbene. The measured
threshold as well as ab initio calculations indicate that
the diolate has rearranged to a metallaoxetane, from
which the [2 + 2] dissociation occurs. The measured
activation energy is in good agreement with the com-
puted values.

We report an experimental determination of the acti-
vation energy for the [2 + 2] dissociation of a rhenaoxe-
tane to a carbene complex and an aldehyde by measure-
ment of energy-resolved collision-induced dissociation
(CID) cross-sections. The longstanding controversy con-
cerning [3 + 2]1 versus [2 + 2]2 mechanisms in high-val-
ent oxo complexes related to metal-mediated oxidation
chemistry has spawned a large literature of experimen-
tal3 and computational4 studies from which a recent
consensus concluded that [2 + 2] mechanisms were un-
likely to play an important role under the specific reac-
tion conditions. Nevertheless, the original logic derived
from CrO2Cl2-mediated oxidations, further supported by
hints from metathesis chemistry, led us to seek condi-
tions under which [2 + 2] mechanisms may be favored.
We have recently reported experimental5 and compu-
tational6 evidence for just such a significant [2 + 2]
pathway in the dissociation of Re(V) diolate complexes
isoelectronic with the Os(VI) diolates produced in the
asymmetric dihydroxylation reaction.7 The observed
products indicate a rearrangement to the metallaoxe-
tane followed by cleavage of an aldehyde, producing a
metathesis-competent carbene complex. We furthermore
presented a qualitative theoretical argument in which
the specific structural requirements for a favorable [2
+ 2] mechanism were detailed. The reported work,
however, was based on the observation of reaction
products, identified by their m/z ratio under standard-
ized conditions. Quantitative predictions from DFT and

ab initio calculations could be confirmed only qualita-
tively. The present work ameliorates this deficiency by
presenting quantitative measurements that may be
directly compared to calculations and, furthermore,
identifies the dissociating species unambiguously as the
rhenaoxetane produced by rearrangement of the rhe-
nium diolate precursor. In the larger context, this work
represents a step toward relieving the deplorable pau-
city of reliable bond energies and activation barriers for
“interesting” medium-to-large organometallic species.8

Electrospray ionization tandem mass spectrometric
(ESI-MS/MS) studies on the reactions of the (pyridine)-
((2R,3R)-(-)-butanediolato)ReO cation (1) were carried
out as previously described.9 Complex 1, with m/z 370,
was prepared in the rf 24-pole region of the modified
Finnigan MAT TSQ-700 mass spectrometer, mass-
selected in the first quadrupole, and subjected to CID
with xenon in the octopole.10 The intensity of the sole
CID product, 3 at m/z 326, was monitored through the
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Figure 1. Relative energy-resolved reaction cross-section,
σ(E)/σ0, for the dissociation of m/z 370 to m/z 326 upon
collision with xenon. The red line shows the fit to the
experimental points for energies between 0 and 4.5 eV,
which yields E0 ) 1.05 ( 0.1 eV and n ) 1.75. The blue
line shows the unconvoluted cross-section at 0 K.
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second quadrupole and is shown in Figure 1. Of the
several diolate complexes previously characterized, 1
was chosen to avoid technical difficulties arising from
multiple product channels which occur for many of the
other analogues. The energy-resolved CID cross-sections
were recorded with the first quadrupole in rfd mode to
obtain a narrower kinetic energy distribution for the
selected ion (see the Supporting Information). The
energy-resolved cross-sections were deconvoluted using
the program CRUNCH (version D1), developed by
Armentrout and co-workers,11 with the internal energy
of the ions set to the 70 °C manifold temperature to
which the ions were thermalized in the rf 24-pole
region12 (3-10 mTorr Ar). CRUNCH models the cross-
section according to the equation

where σ(E) is the cross-section as a function of the
center-of-mass collision energy E, σ0 is a scaling factor,
E0 is the threshold energy for reaction, Ei is the internal
energy of a given vibrational state with a relative
population gi, n is an adjustable parameter, k is (the
computed) energy-dependent RRKM rate, and τ is the

residence time in the collision cell. The RRKM calcula-
tion in the deconvolution requires the frequencies for
the reactant ion as well as those for the transition state.
The optimized structures and frequencies were com-
puted at the BP86/TZP level of theory using the ADF
2000.02 (Amsterdam Density Functional) package13 or
Gaussian 200314 on Quant-X Alpha (Compaq Unix
Tru64 5.3), HP Superdome with 64 PA8600 processors
(HP/UX), and AMD Athlon (Red Hat Linux 7.1) ma-
chines.

Final single-point energies at each critical point,
recomputed using the ab initio CCSD/TZP method, are
shown in Figure 2. Details of the calculations can be
found in the Supporting Information. Correction of ∆E
to ∆G was not done in this case; our prior work6 showed,
unsurprisingly, that only the relative energies of the
asymptotic dissociation products are significantly af-
fected by explicit inclusion of entropy. The shift should
moreover be dominated by translational entropy and
therefore remain largely insensitive to structural dif-
ferences between isomers. For the RRKM part of the
CRUNCH fit, torsional vibrations, e.g. rotation of the
pyridine ligand, were replaced by adiabatic free rotors
with the corresponding moments of inertia. The remain-
ing frequencies were treated as harmonic but were
scaled by 0.9.

The CRUNCH fit to the experimental data points,
using the DFT computed frequencies for the starting
ions and transition state, produces E0 ) 1.05 ( 0.1 eV
and n ) 1.75. The experimental threshold energy, E0 )
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Figure 2. Energies, relative to 1, at the CCSD/TZP//BP86/TZP level for 1-4 and other relevant isomers and transition
states.
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24.2 ( 2.3 kcal/mol, can be directly compared to the
CCSD/TZP//BP86/TZP energies. There is a good match
of the measured threshold, E0, to the activation energy
for [2 + 2] cleavage of 2 to 3 and acetaldehyde (via the
intermediate σ complex) for which Ea ) 25.5 + 1.9 )
27.4 kcal/mol. In comparison to the unsubstituted case,
we see that alkyl substitution selectively lowers the
computed transition states for [2 + 2] cleavage relative
to all other transition states, consistent with our previ-
ous experimental observations.5 While there are very
few benchmarks for the accuracy of ab initio energies
for medium-to-large organometallic complexes, and even
fewer for complexes with 5d-block metals,15 it is unlikely
that the experimental threshold could correspond to any
other process, given that the experiment specifically
monitored the conversion of m/z 370 into m/z 326. The
species monitored at m/z 370 must necessarily be 2 and
not 1, because the rate-limiting transition state for the
process 1 f 3 is the transition state for the 1,2 shift, 1
f 2, which is computed to show an activation energy of
35.5 kcal/mol. Indirectly, this confirms the computed
result that 2 lies lower in energy than does 1. If one
considers that it was the diolate complex that was
electrosprayed from solution and that one of the two
original pyridine ligands was removed by collisions in

the source and rf 24-pole ion guide prior to mass
selection of the ion at m/z 370, one can imagine that
there was more than ample opportunity for the ion at
m/z 370 to isomerize to the lower energy structure. An
isomerization to the more stable isomer prior to selection
(and removal of any 3 produced already in the rf 24-
pole region by the first quadrupole), followed by the [2
+ 2] dissociation of 2 to produce 3, is the only consistent
interpretation of the energy dependence of the experi-
mental reaction cross-sections.

We report a quantitative study of the first unam-
biguous [2 + 2] reaction involving high-valent metal
oxo complexes in the 5d block. The measurement of
the energy-resolved reaction cross-section produces an
activation energy in good agreement with the computed
value at the CCSD level of theory, lending credibility
to theoretical modeling of the other less accessible parts
of the potential surface.
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