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The stable compound CH3ReO3 (MTO), upon treatment with aqueous hypophosphorous acid, forms a colorless
metastable species designated MDO, CH3ReO2(H2O)n (n ) 2). After standing, MDO is first converted to a yellow
dimer (λmax ) 348 nm;ε ) 1.3 × 104 L mol-1 cm-1). That reaction follows second-order kinetics withk ) 1.4
L mol-1 s-1 in 0.1 M aq trifluoromethane sulfonic acid at 298 K. Kinetics studies as functions of temperature
gave∆Sq ) -4 ( 15 J K-1 mol-1 and∆Hq ) 71.0( 4.6 kJ mol-1. A much more negative value of∆Sq would
be expected for simple dimerization, suggesting the release of one or more molecules of water in forming the
transition state. If solutions of the dimer are left for a longer period, an intense blue color results, followed by
precipitation of a compound that does, even after a long time, retain the Re-CH3 bond in that aq. hydrogen
peroxide generates the independently known CH3Re(O)(O2)2(H2O). The blue compound may be analogous to the
intensely colored purple cation [(Cp*Re)3(µ2-O)3(µ3-O)3ReO3]+. If a pyridineN-oxide is added to the solution of
the dimer, it is rapidly but not instantaneously lost at the same time that a catalytic cycle, separately monitored
by NMR, converts the bulk of the PyO to Py according to this stoichiometric equation in which MDO is the
active intermediate: C5H5NO + H3PO2 f C5H5N + H3PO3. A thorough kinetic study and the analysis by
mathematical and numerical simulations show that the key step is the conversion of the dimerD into a related
speciesD* (presumably one of the twoµ-oxo bonds has been broken); the rate constant is 5.6× 10-3 s-1. D*
then reacts with PyO just as rapidly as MDO does. This scheme is able to account for the kinetics and other
results.

Introduction

The chemistry of hydrated methyldioxorhenium(V) in solution
continues to reveal new features. The original discovery of CH3-
ReO2 in aqueous solution stems from the reduction of CH3-
ReO3 by H3PO2.1 We presume that the resulting species exists
in water as the diaqua CH3ReO2(H2O)2, as shown in Chart 1,
although specific proof of the degree of hydration is lacking. A
useful abbreviation for it is MDO.1-3 We suggest that MDO
contains five-coordinate rhenium, based on compounds such as
CH3ReO2(PPh3)2,4,5 CH3ReO(dithiolate)L (dithiolate is the anion
of 2-mercaptomethylthiophenol; L) phosphine, pyridine,
etc.),6,7 and CH3Re(NAr)2(PMe2Ph)2 (Ar ) 2,6-diisopropylphen-
yl).8 MDO is metastable,1 first forming a dimer (D) (which is
the subject of this investigation) and then, more slowly, a deep
blue insoluble oligomer, possibly related to the tetrarhenium
cation derived from Cp*ReO2,9 also shown in Chart 1. Further
comments on the structure and composition of MDO will be
made later.

These are the subjects we address in this work: (1) the
kinetics and mechanism of the dimerization of MDO, including
a determination of the activation parameters for this uncommon
reaction; (2) reactions ofD with oxo-donor reagents, especially
pyridine N-oxides, that cause it to revert to MDO; and (3) the
multistep catalytic processes that allow a trace concentration
of Re(V) to convert pyridineN-oxides catalytically to pyridines,
with hypophosphorous acid serving as the stoichiometric source
of oxygen. The complex kinetic data were examined in terms
of several reaction schemes to determine which data were
consistent with the observations. The net reaction that occurs
in the catalytic cycle is

Experimental Section

Materials. High-purity water was obtained by passing laboratory-
distilled water through a Millipore-Q water purification system.
Methyltrioxorhenium was prepared according to the literature proce-
dure.10 Hypophosphorous acid was the commercial 50% reagent.
Trifluoromethanesulfonic acid, obtained as a material of 98% purity,
was diluted with water and standardized against potassium hydrogen
phthalate. The pyridine oxides were purchased. Their concentrations
in these experiments were determined from the spectra in aqueous
solution with the values ofε256 (104 L mol-1 cm-1) obtained in this
work: 4-MePyO, 1.43;11 PyO, 1.19;11 2-MePy, 0.69.
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Reaction Kinetics. The reactions of PyO in this system were studied
in aqueous solution, for the most part spectrophotometrically. MDO
was generated from 0.27-0.80 mM MTO with 0.80 M (usually) H3-
PO2 in solutions containing 0.10 M HOTf, added to maintain the
stability of this compound.1 MDO does not have any useful UV-vis
or NMR spectrum, whereasD does. As determined in the course of
this research, the most useful absorption band occurs at 348 nm (ε )
1.3× 104 L mol-1 cm-1). The spectrophotometric experiments on the
formation of D and its subsequent reactions were carried out at this
wavelength. A few reactions were carried out by1H NMR to follow
the loss of PyO and the buildup of PyD+. The solvent was D2O, and
the concentrations were the same as those used in the more numerous
UV-vis determinations.

Results

Dimerization of MeReO2. MDO was generated in aqueous
solution from the reaction of MTO with hypophosphorous acid
according to

The rate constant for this reaction in aqueous solution is 2.8×
10-2 L mol-1 s-1 at 25.0°C.1 In these and other experiments,
a high concentration of H3PO2 was used, usually 0.8 M. Under
these conditions, therefore, reaction 2, witht1/2 ) 31 s, is far
more rapid than dimerization.

When solutions of MDO are allowed to stand, certain
reactions occur in sequence. First, the yellow-colored dimeric
Re(V) species,D, is formed

At longer times, without interfering in the study of dimerization,
further spectroscopic changes were noted that can be attributed
to the conversion ofD to an oligomeric form of MDO. During
those latter stages, the solution developed an intense blue
coloration, following which a gelatinous dark-blue precipitate
formed. The addition of excess hydrogen peroxide quantitatively
restored CH3Re(O)(η2-O2)2H2O, the same species formed from

CH3ReO3 and excess H2O2.1 The clear implication is that the
CH3-Re bond, despite its occasional fragility toward base
hydrolysis,12 remains intact.

Because this study concerns oxorhenium(V) compounds that
are not amenable to direct structural characterization, we have
relied on a considerable number of close and distant analogues
in postulating likely compositions and structures. As to the
monomeric MDO, it must be a hydrated species providing at
least five ligands for coordination to Re(V). This solid com-
pound has been characterized: MeReO2(PPh3)2‚MeReO3; in it,
the Re(V) center is five-coordinated with trans-disposed phos-
phine ligands.4 Another related monomer is Cp*ReO(diolate),
one example of which is shown in Chart 1.13,14 We note also
the five-coordinate Re(V) in MeReO(mtp)L (mtpH2 ) 2-mer-
captomethylthiophenol; L) Py, PR3).6,7 The Cp*ReO2 mono-
mer appears not to have been prepared,9 but [Cp*ReO2]2 has
been characterized.9,15-17

Our initial subject is the dimerization of MDO. The UV-
visible spectrum was scanned at 300 s intervals, as displayed
in Figure 1. It clearly shows the development of distinct
spectroscopic features of the yellow-colored compoundD. An
additional, long-wavelength peak near 670 nm develops at
longer times; eventually, this deeply colored blue species will
attain a high absorbance. It represents the beginning of oligomer
formation and may be analogous to the intensely colored purple
cation [(Cp*Re)3(µ2-O)3(µ3-O)3ReO3]+,9 shown in Chart 1, and
{[(tacn)ReO)]2(µ-O)2}2+.18

Kinetics experiments on the dimerization step were monitored
through the growth of absorbance at the 348 nm maximum of
D. Single-wavelength kinetics determinations were carried out
over a range of initial concentrations of MTO, 0.27-0.80 mM
at 348 nm, monitoring the buildup ofD, which has a molar
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Chart 1. Selected Oxorhenium(V) Compounds

CH3ReO3 + H3PO2 + 2H2O f

CH3ReO2(H2O)2 + H3PO3 (2)

2CH3ReO2(H2O)2 (MDO) f D + nH2O (3)

Figure 1. Repetitive scan experiment using these concentrations in
aqueous solution at 25.0°C: 0.38 mM CH3ReO3, 800 M H3PO2, and
0.1 M CF3SO3H. The graph shows 15 spectra taken at 300 s intervals.
The first spectrum (heavier line) shows CH3ReO3 prior to reduction.
The rate-controlling process is the dimerization of CH3ReO2(H2O)2.
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absorptivity designatedεD. This gives the values of [MDO]t as
[MDO]0 - 2[D]t. The reaction has a second-order rate law

The fit of the data gavek ) 1.4 ( 0.2 L mol-1 s-1 at 25.0°C
andεD ) (1.32 ( 0.11)× 104 L mol-1 cm-1 at 348 nm.

Activation Parameters. Similar experiments were carried
out at seven different temperatures in the range of 10-40 °C.
These are the values obtained:T ) 10.7, 15.4, 20.3, 25.0, 30.0,
34.7, and 40.2°C, corresponding tok values of 0.306, 0.42,
0.92, 1.3, 2.75, 3.01, and 5.33 L mol-1 s-1, respectively.

Activation parameters were obtained by a least-squares fittings
of the data to the Eyring equation (eq 5), resulting in∆Sq )
-4 ( 15 J K-1 mol-1 and ∆Hq ) 71.0 ( 4.6 kJ mol-1 (see
Figure 2).

Reactions with Pyridine N-Oxides. Given that MDO is a
reagent for oxygen-atom abstraction, it seemed worthwhile to
testD for that possibility. We have studied pyridineN-oxide,
4-Me-pyridineN-oxide, and 2-Me-pyridineN-oxide (all desig-
nated as PyO in general), which are known to react rapidly with
MDO according to

The rate constants are 4.60× 103 L mol-1 s-1 for C5H5NO
and 7.10× 103 L mol-1 s-1 for 4-MeC5H4NO at 25°C.1 To
conduct the experiments withD, we injected PyO into the
solution at a selected point during the buildup ofD. In doing
that, rather than waiting until formation ofD was complete,
we minimized possible interference from the oligomers formed
later. The “initial” (relative to the start of the new reaction)
concentration ofD was calculated accurately from its molar
absorptivity.

Once pyridine oxide had been added, however, the buildup
of D reversed the reaction course, and the absorbance gradually
fell to a small value. In a third stage, the absorbance suddenly
began to rise, as the dimerization of MDO began again, signaling
the precise moment when all the pyridineN-oxide had been
consumed. The absorbance-time profile for one set of such
reactions is given in Figure 3. During the consumption ofD

and for a period thereafter, a catalytic sequence (reactions 2
and 6 in tandem) takes place. With [H3PO2] ) 0.4 M, half the
previous value, the concentration ofD remains at zero for a
longer time before its sudden rise, since the catalytic cycle is
that much slower. The formation ofD takes place only after
the concentration of PyO, limiting in the sense of the overall
stoichiometry of eq 1, has been exhausted.

If D and PyO react directly, then the rate constant, roughly
1 L mol-1 s-1, is considerably smaller thank for MDO and
PyO,∼103 L mol-1 s-1. This formulation will not be pursued,
however, for later analysis showed thatD and PyO do not react
(k , 10-2 L mol-1 s-1).

The kinetic data during the stage in whichD declines in
concentration were analyzed by the initial rate method with a
polynomial fit, first converting absorbances into [D].19 Depend-
ing on the time along the rising curve ofD at which PyO was
injected, the experiment provided a different initial concentration
of D. The reaction was first-order with respect to [D] at constant
[PyO] over a substantial concentration range. Representative
data, depicted in Figure 4, show this relation. This direct
dependence of rate on [D] allowed us to rule out one credible
mechanism, to be cited later.

The dependence of the initial rate upon the concentration of
each pyridineN-oxide is more complex. The initial rate can be
expressed by

Rearrangement to a linearized form is possible

Figure 5 shows the plots of [D]/Vi against 1/[PyO], which are
indeed linear. The values of parameterk/10-3 s-1 are 5.60(
0.22, 5.59( 0.36, and ca. 4 for C5H5NO, 4-CH3C5H4NO, and
2-CH3C5H4NO, respectively, and the values ofκ/10-3 mol L-1

(19) Hall, K. J.; Quickenden, T. I.; Watts, D. W.J. Chem. Educ.1976, 53,
493.

Figure 2. Analysis of the temperature dependence of the rate constant
for the dimerization of CH3ReO2(H2O)2 according to the Eyring
equation (eq 5).

-
d[MDO]
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CH3ReO2(H2O)2 + PyOf CH3ReO3 + Py + 2H2O (6)

Figure 3. Rising absorbance as CH3ReO2(H2O)2 converts to the dimer
D is interrupted upon the addition of 4-MeC5H4NO. The concentration
of D then decreases until 4-MeC5H4NO has been depleted. Following
that, dimerization resumes again. The points at which Py was injected
(24, 24, and 48 mM) are shown with arrows. The experiments were
carried out in aqueous solution with 800 mM H3PO2 and 0.1 M CF3-
SO3H.
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for the complexes are 6.7( 0.9, 7.22( 0.66, and ca. 60,
respectively.

It can be seen that the value ofk is approximately the same
for two compounds. (The resolution of the values ofVi into k
andκ for 2-CH3C5H4NO, on the other hand, was poor, since
the larger value ofκ would have required a higher [PyO] than
allowed.) The value ofκ, on the other hand, varies from case
to case. These findings are important for a consistent mechanism,
as taken up in the Discussion. Another point of significance
can be seen from Figure 3: the absorbance does not vary at the
point where PyO was injected. That was true for every such
experiment.

A few experiments were carried out with Me2SO in place of
PyO. The absorbance ofD gradually but more slowly decreases
with addition of the sulfoxide, but it does not rise again. As an
independent experiment, Me2SO was added to a solution of
MDO in which D had formed in about half the concentration it
would ultimately attain. At that point, the absorbance remained
constant, and the formation ofD was permanently interrupted.
Evidently, MDO and Me2S form a tight complex. This will
account for all of these observations. As precedent for that, we
note much recent evidence for Re(V)-thiolate and thio com-
plexes.6,7 In addition, oxorhenium(V) compounds are known

to serve as catalysts for O-atom transfer from R2SO, showing
rate inhibition by R2S.20

NMR Experiments. Because the spectrophotometric method
allows onlyD to be followed uniquely, we turned to1H NMR
in monitoring the CH3 singlets of 4-CH3C5H4NO and 4-CH3C5H4-
ND+ in D2O. Figure 6 shows the result of such an experiment.
It confirms that PyO is quantitatively converted to Py (actually,
PyD+ under these conditions), as anticipated when reaction 1
is the net result of using hypophosphorous acid in excess over
PyO. The conversion follows zero-order kinetics, consistent with
the known1 catalytic conversion cycle with eq 1 as the resultant.

In the interpretation of these data, we determined the rate
constant for the reaction of MTO with partially deuterated
hypophosphorous acid in D2O. This was done spectrophoto-
metrically, following the loss of MTO absorbance at 270 nm
(ε ) 1.3× 103 L mol-1 cm-1). The rate constant so determined
wask1 ) 5.5× 10-2 L mol-1 s-1 (cf. the 3.9× 10-2 L mol-1

s-1 given earlier).1 This value was needed for the kinetic
analysis; the issue of the inverse kinetic isotope effect onk1

has been dealt with earlier.1

Discussion

Dimerization of MDO . The second-order kinetics confirms
the hypothesis that dimer formation requires a bimolecular step.
The activation parameters, however, are surprising, particularly
∆Sq, since bimolecular combination reactions are inevitably
accompanied by a large decrease in activation entropy even
when no net association results. We suggest that a compensating
factor in this particular case is the positive contribution to∆Sq

from the release of coordinated water molecules during the
activation process (eq 2). The magnitude must be quite
substantial to offset the inherently negative∆Sq for pure
dimerization.

Insofar as the kinetic and spectrophotometric data showed,
the dimerization of MDO proceeded to completion, even at the
lowest concentration. A conservative limit on the equilibrium
constant for reaction 3 isK3 > 107, or ∆G3° < -40 kJ at 298
K. A value of that magnitude does not entirely preclude a step
in the mechanism in whichD reverts to 2 MDO, a point we
add in anticipation of one proposal concerning the mechanism.

Oxo Transfer. The three reaction schemes in Scheme 1 are
potentially consistent with the kinetic data. In the first, A, a

(20) Abu-Omar, M. M.; Khan, S. I.Inorg. Chem.1998, 37, 4979-4985.

Figure 4. Linear dependence of the initial rate (in aqueous solution
containing 0.1 M CF3SO3H at 25.0°C) against [D]0 in two groups of
experiments with 25 mM pyridineN-oxide (circles) and 20 mM
4-methylpyridineN-oxide (squares).

Figure 5. Dependence of the initial rate on [PyO] in systems containing
PyO and the MDO dimerD in 0.10 M aq HOTf at 25.0°C. Data are
represented by a plot of [D]/Vi against 1/[PyO].

Figure 6. Concentrations of PyO and PyH+, analyzed by1H NMR,
follow zero-order kinetics in reactions with MTO (0.4 mM), H2P(O)-
OD (800 mM), and 4-MeC5H4NO (27 mM) in D2O containing 0.1 M
CF3SO3D at 25.0°C. Each line has a slope of 1.30× 10-5 mol L-1

s-1.
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prior equilibrium is proposed betweenD and PyO. In B, a
steady-state scheme,D rearranges to formD* , which is evidently
much more active in the oxo-transfer step thanD itself. In C,
the formation ofD from MDO is postulated to be sufficiently
reversible, allowingD to regenerate MDO, known to react
rapidly with PyO. The rate law is given for each of the proposals.

Reaction schemes A and C can be eliminated by the following
analysis. The saturation of the pre-equilibrium proposed in A
would lead to a distribution betweenD and D-OPy, yet the
absorbance ofD did not perceptibly vary upon addition of PyO.
Scheme C lacks the precise kinetic form needed, but it is close
enough that an analysis is warranted. C fails on two other
counts: the order with respect toD remains at unity (see Figure
4) over a wide concentration range, and in the numerical fitting,
no real number could be found fork-2 with k2 and k3 set at
their known values. Both points contradict C.

Mechanistic Analysis. We therefore begin an analysis of
mechanism B. If this mechanism is to account for the various
observations, then intermediateD* must be involved in two
instances, as shown not only with PyO in Scheme 1, but also
in the conversion of MDO toD given in Scheme 2. In neither
experiment doesD* attain a detectable concentration level.
Given the sense of the dimerization process, it seems plausible
that D* is a half-bonded (half-opened) version ofD.

In that sense,D* is much like the monodentate intermediate
that lies between a metal complex ML6 and the chelated product
of its reaction with a bidentate ligand. As in that analogy, the
experimental rate constant is evidently that for the first substitu-
tion step, the chelate closure being much more rapid.

The overall conversion of MDO toD proceeds to completion,
based on the constant molar absorptivity of the product at all
starting concentrations. One can therefore set a limit on the
equilibrium constant and then on the component rate constants.
From the preceding equation we have, conservatively

With the known values ofk2 andk4, we then obtain

For this scheme to agree with the data, it also is necessary that
D* reacts preferentially with PyO, rather than converting into
2 MDO. Thus, this inequality can be written

If the experimental result for 4-MePyO,k-4/k5 ) 7.2 × 10-3

mol L-1, were incorporated, then at 4× 10-2 mol L-1 PyO, a
typically high concentration,k-4 . 0.2k-2 would be obtained.
Although a less strict limitation, this is consistent with eq 10.

A shakier extension of this analysis is to suggest thatk5 might
have a value similar to that ofk3, given the suggested similarity
in structure. If so, then the approximate values arek-4 ≈ 30-
50 s-1 and (from eq 10)k-2 ≈ 10-3 s-1. These numbers are
necessarily consistent with the limit ofK under the method used.
Table 1 presents the experimental and estimated rate constants.

Incidentally, if the rate constants for the reactions in Scheme
2 are examined, it is clear that MDO andD* equilibrate much
more slowly thanD* and D do. This is consistent with the lack
of accumulation ofD* and with the loose analogy drawn
between these two reactions and stepwise chelate formation,
where the ring closing step is invariably more rapid than
bimolecular substitution. As to why the reactions take place as
D f D* (k4) rather thanD f 2 MDO (k-2), we note that the
k-2 step poses a significant barrier for the latter. It seems that
D* has an MDO-like center and, as a result, will be highly
reactive with PyO. SinceD* must almost certainly lie on the
pathway between MDO andD, Scheme 2 follows as a
consequence of the acceptance of mechanism B.

Numerical Simulations. The steady-state reaction sequence
B fits the mathematical requirements, including the observation
that the intermediateD* does not build up to a detectable
concentration. Owing to the complexity of this scheme, it was
also examined with kinetics simulation techniques, for which
the program KinSim was used.21-24 Particular emphasis was

Scheme 1. Tentative Reaction Schemes

Scheme 2

Figure 7. Concentrations of the indicated compounds, each normalized
via division by its initial or final concentration. The initial concentrations
for the simulation were 0.80 M H3PO2, 25 mM 4-MeC5H4NO, 0.10
mM D, and 0.20 mM MDO.

K )
[D]

[MDO]2
)

k2k-4

k-2k4
> ∼107 (9)

k-4

k-2
) K

k4

k2
) (>107)

5.6× 10-3

1.4
g 4 × 103 (10)

K-2 . k5[PyO] (11)
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placed on examining [D] as the computed output, sinceD is
the principal observable product in the experiments. In the
simulations, the rate constants in Table 1 were used for the
results, but many other combinations were tested to probe the
stability of this set. Two are displayed in Figure 7: the
concentrations (normalized for purposes of display) of MTO,
MDO, D, and PyO as functions of time; and (separately) the
Py that arises from eqs 3 and 5.

The concordance of this model with the experimental data
should be noted. The concentration ofD decreases upon the
injection of PyO at a simulated rate, in agreement with eq 7. It
attains a minimum level governed by [PyO]; if [PyO] is greater,
then [D]min is essentially zero, and it remains at that level for
times that are longer at higher [PyO]. Concurrent with those
optically monitored events, [PyO] decreases as [Py] increases
catalytically via the sequential operation of the reactions given
at the top of Scheme 1. In agreement with the experimental
NMR findings (Figure 6), the catalytic decrease of PyO and
the buildup of Py follow zero-order kinetics. Under these
conditions, much of the consumption of PyO arises from the
MDO cycle, but relatively little results from the sequence with
D. At the point when PyO has been exhausted, the formation
of D resumes its course. As can be seen from Figure 3, that is

often an abrupt change. This is a clock reaction in that MDO,
in competition with its rapid (k3) consumption by PyO, cannot
survive to begin the buildup ofD; only when PyO has been
exhausted can reaction 3 recommence.

Detailed mechanistic speculation is hardly warranted, given
the tentative nature of some structural assignments. Nonetheless,
it is useful to imagine the molecular process by whichD* and
PyO react. In that step, cleavage of the N-O bond of PyO must
provide a rate-controlling barrier. The possible structure of the
transition state shows that electronic flow from one end of the
molecule to the other leads to the smooth conversion of reactants
to products, as depicted here.
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Table 1. Summary of Experimental and Estimated (in parentheses) Rate Constants

reaction ka at 25°C source

MTO + H2PO2 f MDO + H3PO3 k1 ) 2.8× 10-2 ref 1

2 MDO {\}
k2

k-2
D* k2 ) 1.4

(k-2 < ∼10-2)
this work

MDO + XC5H4NO f MTO + XC5C4N k3 ) 7.1× 103 (X ) 4-Me),
4.6× 103 (X ) H)

ref 1

D* {\}
k-4

k4
D (k-4 ≈ 30-50)

k4 ) 5.6× 10-3
this work

D* + XC5H4NO f MTO + MTO + XC5H4N (k5 ≈ k3 assumed)b

k-4/k5 ) 7.2× 103 (X ) 4-Me),
6.7× 103 (X ) H)

this work

a With mol L-1 and s as the units for concentration and time, respectively.b See text.
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