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We report an electrospray ionization tandem mass spectro-
metric study of the chemistry of ReV diolate complexes in
which the intermediacy of the isomeric metallaoxetane
complexes is implicated by dissociation of the diolates to
rhenium carbene complexes instead of the expected oxo
species (Scheme 1). Not only is the chemistry unprecedented
for well-defined diolate complexes, but the marked depend-
ence of the preferred reaction path upon coordination
number in the original diolate complex supports a qualitative
molecular orbital argument based on p-strain[1] that may be
able to guide further design of new catalysts.

The chemistry of ReV diolates and the corresponding
ReVII oxo complexes is closely related to that of OsO4, and has
been examined by other groups[2–5] in part as a model for the
reactions of the latter complex, especially in connection to the
catalytic asymmetric dihydroxylation reaction introduced by
Sharpless and coworkers.[6] While the original mechanistic
hypothesis by B0seken and De Graaft, and by Criegee and co-
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workers,[7] termed the [3+2] mechanism, had been accepted
for decades, the mechanistic possibility of an alternative [2+2]
mechanism[8] was investigated at length by stereochemi-
cal,[9,10] kinetic,[11,12] isotope effect,[13,14] and computational
means.[1,15–17] A direct observation, however, of a metallaox-
etane intermediate in high-valent Re or Os chemistry, or
products uniquely derived from metallaoxetanes, has
remained outstanding. The rhenium carbenes 3, produced
by dissociation of ReV diolate 1, are the first experimental
evidence for the intermediacy of metallaoxetane intermedi-
ates based on observation of a product that may be uniquely
associated with that intermediate. Furthermore, the results
shed light on the activation reactions of metathesis reactions
catalyzed by d0 oxo complexes, for which the carbene
formation step had been obscure.

The ReV diolates were prepared by a route analogous to
that reported by Paulo et al.[3] by the addition of one
equivalent of the appropriate diol, 1,2-propanediol (in the
work presented herein), and pyridine (in the first case) to
[ReOCl3(SMe2)(OPPh3)] or [(Py)4ReO2]Cl (Py= pyridine)[18]

in CH3Cl or CH2Cl2 solution at room temperature. The clean
formation of the ReV diolate complex in solution can be
confirmed by 1H NMR. Complex 1 was diluted to 10�5

m with
CH2Cl2 and electrosprayed on a modified Finnigan MAT
TSQ-700 tandem mass spectrometer as previously descri-
bed.[19] The principal species in the electrospray mass
spectrum is 1 (n= 2) when desolvation conditions are
gentle, for example, tube lens ~ 80 V. Collision-induced
dissociation (CID) of 1 (n= 2) in the radio-frequency (rf)
24-pole ion guide by collision with Xe under multiple collision
conditions produces 1 (n= 1) and further daughter products
such as 3 or 4. Each of the species, 1 (n= 2), 1 (n= 1), or 3 can
be selected by m/z (usually the 187Re isotopomer) in the first
quadrupole mass filter and then presented for CID or
reaction in a gas-filled (0.1 mbar of either Xe or n-propyl
vinyl ether) rf octopole ion guide to distinguish between
primary and secondary reactions of each ion. The products
are then analyzed in the second quadrupole. CID and ion-

molecule reactions were all performed at low collision energy,
that is, �10 to �15 V in the laboratory frame.

While a variety of diols have been used in this study so
that structure-activity relationships and substituent effects
may be quantified, the salient result for the intermediacy of
metallaoxetanes can already be seen for the simple alkyl
substituted diolate 1. For the five-coordinate complex 1 (n=
2), CID with Xe induces two reactions: 1 (n= 2) loses either
propene to form the ReVII trioxo complex 4, or pyridine to
form 1 (n= 1). On the other hand, mass-selection of 1 (n= 1),
followed by CID, leads to mass spectrum in Figure 1.

As is evident from Figure 1, the CID of four-coordinate 1
(n= 1) gives ions with the masses of 3a, m/z= 326, and 3b,
m/z= 312, as the major products, and a smaller amount of
ions atm/z= 298 and 314, which are assignable without doubt
to [(Py)ReO2]

+ and [(Py)ReO3]
+. To establish the identity of

the putative carbene complexes, the ion at m/z= 326 was
selected and reacted with n-propyl vinyl ether in the octopole
ion guide to yield products at m/z= 298 and 370. The former
ion is again [(Py)ReO2]

+; the latter is consistent with an
assignment of [(Py)ReO2(¼CHOPr)]+. From these ions,
which would be the expected (ionic) products resulting from
cyclopropanation and metathesis, respectively, of the vinyl
ether, one can assign m/z= 326 to the carbene complex 3a.
The experimental result can be simply formulated. For the
two possible dissociation pathways that a preformed ReV

diolate can take, formation of carbene complexes 3 or
formation of trioxo complex 4, the former is the predominant
reaction for 1 (n= 1) and the latter for 1 (n= 2). The sharp
dichotomy is striking.

The mechanism of diolate formation in the asymmetric
dihydroxylation of olefins by OsO4, either concerted [3+2]
cycloaddition or stepwise by [2+2] cycloaddition followed by
ring expansion, has been the subject of intense discussion.[9–17]

Scheme 1. Schematic diagram of CID products of (Py)1-2ReO(OCHCH3-
CH2O) cation upon the coordination number.

Figure 1. Daughter ion spectrum obtained by mass-selecting the 187Re
isotopomer of 1 (n=1) at m/z=356 and subjecting it to collision-
induced dissociation with Xe at low collision energy. The major prod-
ucts at m/z=326 and 312 are shown to be carbene complexes by their
subsequent reaction with n-propyl vinyl ether. I= intensity, arbitrary
units
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Arguments based on stereoselectivity, temperature effects,
and isotope effects were made by both sides, with the
interpretation of the same set of experimental results often
diverging depending on one's point of view. The most
convincing experimental study, a kinetic isotope effect study
by using the method from Singleton, best fits expectations
based on a [3+2] mechanism.[14] Quantum chemical calcu-
lations have been decisive in the entire story,[1,15–17] which
have not only provided the basis for interpretation of
experimentally determined isotope effects, but moreover
predicted, in general, that the metallaoxetane intermediate in
the [2+2] mechanism lay too high in energy, typically about
10–30 kcal mol�1, above the isomeric diolate to be chemically
significant. However, observation of the relevant metallaox-
etane intermediates or products that could be uniquely
associated has been wholly missing from the experimental
side of the discussion. Recently, further experimental work on
the closely related high-valent rhenium oxo complexes has
provided some indirect support for the [2+2] mechanism.[5]

Methyl trioxorhenium (MTO),[20] and other rhenium com-
plexes[21, 22] participates furthermore in a reaction, aldehyde
olefination, for which a metallaoxetane intermediate has been
proposed, although the intermediacy of metallaoxetanes in
that reaction has been challenged by other experiments.[23,24]

Accordingly, we chose the chemistry of ReV diolates as the
most likely arena in which metallaoxetanes might appear. The
ReV diolates also allow a wide range of structural variation,
which should be important if one wants to ultimately put
together structure-activity models that may help clarify issues
with OsO4 and the corresponding OsVI diolates. The obser-
vation of carbene complexes 3 from the diolate 1 (n= 1) is
unprecedented for well-defined complexes, although there
have been reports of metathesis or ring-opening metathesis
polymerization (ROMP) activity by Re2O7,

[25] MTO,[26,27]

some perrhenates,[28] and even OsO4.
[29] For Re2O7, an alkyl

tin activator is not mandatory even though the “promoter”
improves activity. For MTO, it was established definitively
that the methyl group was not transformed into a carbene. For
the perrhenates or OsO4, there were no alkylating reagents to
generate the metal alkyl that would be deprotonated to a
carbene. It is difficult to establish the origin of the presumed
carbene intermediates, especially given that there are only
few reports of well-defined, high-valent rhenium car-
benes.[30, 31] The present experiment shows that simple ReV

diolates, which were shown[2] to be accessible by the reaction
of ReVII oxo complexes with olefins, can yield carbenes. By far
the most probable mechanism involves the rearrangement of
the diolate to a metallaoxetane, which then cleaves, that is,
1!2!3. Observation of carbene products 3 therefore con-
stitutes the best experimental evidence to date that metal-
laoxetanes are chemically significant intermediates in this
manifold of structures. One should also note that the small
amount of [(Py)ReO2]

+ produced in the dissociation of 1 (n=
1) is consistent with loss of an epoxide from either 1 (n= 1) or
2 (n= 1); epoxidation of olefins is a characteristic reaction of
MTO, albeit in the presence of peroxides.[32] Lastly, the
reaction sequence 4!2!3 or 4!1!2!3 provides a plau-
sible mechanism for the metathesis activity of Re2O7, MTO,
the perrhenates, and OsO4.

It remains to explain why the observation of carbene
products has remained outstanding up until now, and why the
reactivity of 1 shows such a sharp dichotomy depending on
whether one or two pyridine units are coordinated to the
metal center. A rationale, which had in fact provided a part of
the reasoning behind the experimental design, is inspired by a
computational study by RappI and co-workers.[1] For the
reaction of an olefin with a model four-coordinate complex
LReO3, in which L ranges from a strong s donor like�CH3 to
strong p donors, such as ¼O or Cp, RappI and co-workers
proposed that the thermodynamically favored product, either
diolate or metallaoxetane, would be determined by release of
p strain. They reasoned that the tetrahedral ligand field splits
the d orbitals into bonding eg and antibonding t2g sets. With
only two low-lying d orbitals, the complex can have only two
strong p bonds to ligands. LReO3 has either three or four p

bonds, depending on the nature of L, so the electrons for the
one or two “extra” p bonds necessarily go into antibonding
(or at least substantially less bonding) orbitals. Accordingly,
the more p-strained complexes, LReO3, in which L is a p

donor, prefer the product that reduces the total p bond order
the most, that is, the diolate. For LReO3, in which L is a s

donor, the preference for diolate over metallaoxetane is less,
or perhaps even reversed. One additional point needs to be
made. Whereas a four-coordinate tetrahedral ligand field
gives only two low-lying d orbitals, both five-coordinate and
six-coordinate complexes have at least three. Given that the
coordination number of the metallaoxetane is one higher than
that for the corresponding diolate, one expects therefore a
relative stabilization of the metallaoxetane relative to the
diolate when the two structures are five- and four-coordinate,
respectively, as opposed to the case in which the metal-
laoxetane is six-coordinate and the diolate five-coordinate.
Preliminary DFT calculations (B3LYPLACVP**, to be
published) place 2 (n= 2) approximately 30 kcalmol�1

above 1 (n= 2), but 2 (n= 1) a few kcal mol�1 below 1 (n=
1), which is fully consistent with the expectations based on p

strain, as well as the present experimental results. The
working hypothesis says, therefore, that, the [2+2] mechanism
is competitive with the [3+2] mechanism when the metal-
laoxetane is low enough in energy, which in turn requires a
four-coordinate d0 oxo complex, in which at least one of the
ligands is a s rather than p donor. While this is possible for
LReO3 systems, the [2+2] mechanism would not be compet-
itive for OsO4 with or without ligand acceleration.

We report a novel reaction in which ReV diolate com-
plexes cleave either to the ReVII trioxo complex or a rhenium
carbene, depending on the coordination number of the
original diolate complex. The carbene complexes produced
from diolates are the best experimental indication to date for
intermediate metallaoxetanes, which would be the first-
formed intermediate in [2+2] reactions of olefins with a d0

oxo complex. The dichotomy in reactivity is surprisingly sharp
and can be explained by a qualitative p-strain model. Further
studies to investigate substituent and ligand effects are
underway.
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