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Kinetics and Mechanisms of Reactions of Methyldioxorhenium(V) in Aqueous Solutions:
Dimer Formation and Oxygen-Atom Abstraction Reactions
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The stable compound GReQ; (MTO), upon treatment with aqueous hypophosphorous acid, forms a colorless
metastable species designated MDO gR&,(H20), (n = 2). After standing, MDO is first converted to a yellow
dimer @max = 348 nm;e = 1.3 x 10* L mol~! cm™1). That reaction follows second-order kinetics with= 1.4

L mol~t st in 0.1 M aq trifluoromethane sulfonic acid at 298 K. Kinetics studies as functions of temperature
gaveAS = —4 4+ 15 J K1 mol~! and AH* = 71.0+ 4.6 kJ mot. A much more negative value &S 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 th&CRgbond in that ag. hydrogen
peroxide generates the independently knowrnsRe&{O)(Q).(H20). The blue compound may be analogous to the
intensely colored purple cation [(Cp*R€&)2-O)s(us-O)sReQ] . 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: §sNO + H3PO, — CsHsN + HsPOs. A thorough kinetic study and the analysis by
mathematical and numerical simulations show that the key step is the conversion of thebdimera related
speciesD* (presumably one of the twp-oxo bonds has been broken); the rate constant is<516 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.

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 d 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 pyridinéN-oxides catalytically to pyridines,
with hypophosphorous acid serving as the stoichiometric source
5‘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

Introduction

The chemistry of hydrated methyldioxorhenium(V) in solution
continues to reveal new features. The original discovery of-CH
ReQ in aqueous solution stems from the reduction of;CH
ReQ; by HsPO,.1 We presume that the resulting species exists
in water as the diagua GReG(H,0),, as shown in Chart 1,
although specific proof of the degree of hydration is lacking. A
useful abbreviation for it is MDG:3 We suggest that MDO
contains five-coordinate rhenium, based on compounds such a
CH3ReQy(PPhy),,*® CHsReO(dithiolate)L (dithiolate is the anion
of 2-mercaptomethylthiophenol; = phosphine, pyridine,
etc.)87 and CHRe(NArp(PMePh) (Ar = 2,6-diisopropylphen-
yl).8 MDO is metastablé 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*Regf also shown in Chart 1. Further
comments on the structure and composition of MDO will be
made later.

C;H;NO + H;PO, — C;HN + H;PG, (1)

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-
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Chart 1. Selected Oxorhenium(V) Compounds 2.5 T ; T ' '
0 Yo le
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T
MeReO, (PPhg)2 [Cp*ReO2]> - ————
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Cp *__l * Wavelength/nm
Q\ = R0 . . . . o
* = /‘2'\ = . Figure 1. Repetitive scan experiment using these concentrations in
Cp'®=Re_"Re Re=Cp aqueous solution at 25%C: 0.38 mM CHReQ;, 800 M HPO;, and
,,Re\o ’;\ (E 0.1 M CRSGsH. The graph shows 15 spectra taken at 300 s intervals.
(o) ‘oJ —O: ? NS The first spectrum (heavier line) shows ¢R¢G; prior to reduction.
R /O The rate-controlling process is the dimerization of BEG(H20)..
Cp*ReO(diolate) 0%l
P O CH3ReQ; and excess pD,.! The clear implication is that the
. 5 3 + CHs;—Re bond, despite its occasional fragility toward base
[(Cp*Re) 3(1“—0) 3(n°—O)3 ReO;] hydrolysis'2 remains intact.

) o ) o ) Because this study concerns oxorhenium(V) compounds that
_ Reaction K'r}e:!cs Tfhe ;ﬁactnonst of Pty Oin tth's f]ysttem ‘t"’.ere”St“,\cjl'gdo are not amenable to direct structural characterization, we have
N aqueous soltion, for e most part Spectrophotometricatty. relied on a considerable number of close and distant analogues
was generated from 0.270.80 mM MTO with 0.80 M (usually) k+ . . i .
PQ; in solutions containing 0.10 M HOTf, added to maintain the In postula_.tlng I'kely compositions and structu_res. AS_ t(_) the
monomeric MDO, it must be a hydrated species providing at

stability of this compound.MDO does not have any useful UWis : X e a 4 )
or NMR spectrum, wherea® does. As determined in the course of least five ligands for coordination to Re(V). This solid com-

this research, the most useful absorption band occurs at 348 mm ( pound has been characterized: MeR@Ph)*MeReQ; in it,
1.3 x 10* L mol~* cm™). The spectrophotometric experiments on the the Re(V) center is five-coordinated with trans-disposed phos-
formation of D and its subsequent reactions were carried out at this phine ligands’. Another related monomer is Cp*ReO(diolate),
wavelength. A few reactions were carried out %y NMR to follow one example of which is shown in Chart34We note also
the loss of Py(_) and the buildup of PyDThe solve_nt was BD, and the five-coordinate Re(V) in MeReO(mtp)L (mtpk: 2-mer-
the concentrations were the same as those used in the more ”“merouéaptomethylthiophenol; E Py, PR).7 The Cp*ReQ mono-
UV—vis determinations. mer appears not to have been prepdredt [Cp*ReQ), has
been characterizett>17
L . Our initial subject is the dimerization of MDO. The WV
Dimerization of MeReO,. MDO was generated in aqueous isiple spectrum was scanned at 300 s intervals, as displayed
solutlop from the reaction of MTO with hypophosphorous acid Figure 1. It clearly shows the development of distinct
according to spectroscopic features of the yellow-colored compoDnén
CH,Re0, + H,PO, + 2H,0— addition.al, Igng-wavelength peak near 670 nm deve.lops .at
longer times; eventually, this deeply colored blue species will
CH;ReQy(H,0), + HPG; (2) attain a high absorbance. It represents the beginning of oligomer
) o L formation and may be analogous to the intensely colored purple
The rate constant for this reaction in aqueous solution is2.8  ation [(CP*Re)(uz-O)s(u3-0)ReQy .2 shown in Chart 1, and
1072 L mol~1 st at 25.0°C.! In these and other experiments, {[(tacn)ReO)}(u-O)y} 2*.18

Results

a high concentration of #P0; was used, usyallz 0.8 M. Under Kinetics experiments on the dimerization step were monitored
these conditions, therefore, reaction 2, with = 31 s, is far  ,16h the growth of absorbance at the 348 nm maximum of
more rapid than dimerization. D. Single-wavelength kinetics determinations were carried out

When solutions of MDO are allowed to stand, certain o er 5range of initial concentrations of MTO, 0-23.80 mM
reactions occur in sequence. First, the yellow-colored dimeric 4; 348 nm monitoring the buildup dd, which has a molar
Re(V) speciesD, is formed ' '

(12) Abu-Omar, M.; Hansen, P. J.; Espenson, .. Am. Chem. So&996

2CH;Re0y(H,0),(MDO) — D + nH,0 3) 118 4966-4974.
(13) Herrmann, W. A.; Herdtweck, E.; Floel, M.; Kulpe, J.; Kusthardt, U.;
At longer times, without interfering in the study of dimerization, Okuda, J.Polyhedron1987 6, 1165-1182.

: : 14) Gable, K. P.; Phan, T. Nl. Am. Chem. Sod 994 116, 833-839.
further spectroscopic changes were noted that can be attribute 15) Herrmann, W. A.. Flel, M.: Kulpe, J.; Felixberger, J.; Herdweck,

to the conversion o to an oligomeric form of MDO. During E. J. Organomet. Cheni988 355 297—313.
those latter stages, the solution developed an intense blue(16) Herrmann, W. A.; Serrano, R.;"Kthardt, U.; Ziegler, M. L.; Guggolz,

i i i i _ i E.; Zahn, T.Angew. Chem., Int. Ed. Endl984 23, 515-517.
coloration, following which a gelatinous dark-blue precipitate (17) Herrmann, W. A Serrano, R..Kthardt. U.: Guggolz, E.. Nuber,

formed. The addition of excess hydrogen peroxide quantitatively B.; Ziegler, M.J. Organomet. Chen1985 287, 329-344.
restored CHRe(0){?-0,).H,0, the same species formed from (18) Conry, R. R.; Mayer, J. Mnorg. Chem.199Q 29, 4862-4867.
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Figure 2. Analysis of the temperature dependence of the rate constant o )
for the dimerization of ChReQy(H»0), according to the Eyring Figure 3. Rising absorbance as GReQy(H-0), converts to the dimer
equation (eq 5). D is interrupted upon the addition of 4-MgduNO. The concentration

of D then decreases until 4-Mel@,NO has been depleted. Following
absorptivity designateeb. This gives the values of [MDQ&s that, dimerization resumes again. The points at which Py was injected
[MDO], — 2[D}:. The reaction has a second-order rate law (24,_24, an(_j 48 mM) are sh_own \_/vith arrows. The experiments were

carried out in agueous solution with 800 mMRD, and 0.1 M Ck-

d[MDO d[D SCH.
_ dIMbo] T I_ KIMDO]? = 2—5 ] 4
L and for a period thereafter, a catalytic sequence (reactions 2
The fit of the data gav = 1.4+ 0.2 L mol-Lstat25.0°c ~ 2nd 6 in tandem) takes place. With4Py] = 0.4 M, half the
andep = (1.32+ 0.11) x 10* L mol-* cm! at 348 nm previous value, the concentration Df remains at zero for a
Activation Parameters. Similar experiments were carried longer time before its sudden rise, since the catalytic cycle is

out at seven different temperatures in the range ef4@°C. that much slower. The formation @ takes place only after

These are the values obtainefl= 10.7, 15.4, 20.3, 25.0, 30.0, tr:e_ cr(])_ncerltratlcf)n oflP?/]O, lt;m't'ng 'E thet sgnse of the overall
34.7, and 40.2C, corresponding td& values of 0.3¢ 0.42, stoichiometry or eq 1, has been exhausted.
1 : If D and PyO react directly, then the rate constant, roughly
0.92, 1.3, 2.75, 3.01, and 5.33 L mbIs™%, respectively. 1L moltsl iderabl ller thak for MDO and
Activation parameters were obtained by a least-squares fittings mot - S - IS consigerapbly smaver or an

; ; ey PyO,~10° L mol~* s~L. This formulation will not be pursued
of the data to the Eyring equation (eq 5), resultingh§f = ’ . ’
—4+ 15 J KL mol! and AH* = 71.0+ 4.6 kJ mot! (see however, for later analysis showed tltaand PyO do not react

(k< 102L mol~ts™).

The kinetic data during the stage in whi@h declines in
Figure 2). he Kinetic d during th ge in whieh decli .
ke T AH* AS concentration were analyzed by the initial rate method with a
k= s p(— ﬁ) p(?) (5) polynomial fit, first converting absorbances in@][*° Depend-

ing on the time along the rising curve bfat which PyO was
Reactions with Pyridine N-Oxides Given that MDO is a injected, the experiment provided a different initial concentration
reagent for oxygen-atom abstraction, it seemed worthwhile to Of D- The reaction was first-order with respect B pt constant
testD for that possibility. We have studied pyridii¢oxide, [PyO] over a substantial concentration range. Representative
4-Me-pyridineN-oxide, and 2-Me-pyridiné-oxide (all desig- data, depicted in Figure 4, show this relation. This direct

nated as PyO in general), which are known to react rapidly with deépendence of rate o] allowed us to rule out one credible
MDO according to mechanism, to be cited later.

The dependence of the initial rate upon the concentration of
CH;ReQ,(H,0), + PyO— CH;ReQ, + Py + 2H,O0 (6) each pyridineN-oxide is more complex. The initial rate can be
expressed by
The rate constants are 4.60 10° L mol~! s71 for CsHsNO
and 7.10x 108 L mol~! 571 for 4-MeGH4NO at 25°C! To _ k[D][PyQ] -
conduct the experiments witB, we injected PyO into the U= k + [PyO] ()
solution at a selected point during the buildupfin doing
that, rather than waiting until formation @ was complete, Rearrangement to a linearized form is possible
we minimized possible interference from the oligomers formed

later. The “initial” (relative to the start of the new reaction) [D] « 1 1
concentration oD was calculated accurately from its molar K [PyO] + k (8)
absorptivity. '

Once pyridine oxide.had been added, however, the buildup Figure 5 shows the plots oD]/z; against 1/[PyO], which are
of D reversed the reaction course, and the absorbance graduallyndeed linear. The values of paramek&t0-3 s* are 5.60+

fell to a small value. In a third stage, the absorbance suddenlyq 55 5 59+ 0.36. and ca. 4 for @sNO, 4-CH:C<H.NO, and
began to rise, as the dimerization of MDO began again, signaling 2.-CI-,|3C.5H4NO. réspectivély and the values @03 mol L
the precise moment when all the pyridiheoxide had been ' '

consumed. The absorbandéme profile for one set of such  (19) pail, k. J.; Quickenden, T. I.; Watts, D. W. Chem. Educl976 53,
reactions is given in Figure 3. During the consumptiorDof 493.
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Figure 4. Linear dependence of the initial rate (in agueous solution
containing 0.1 M CESG;H at 25.0°C) against D], in two groups of
experiments with 25 mM pyridinéN-oxide (circles) and 20 mM
4-methylpyridineN-oxide (squares).
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Figure 5. Dependence of the initial rate on [PyO] in systems containing
PyO and the MDO dimeb in 0.10 M aq HOTf at 25.0C. Data are
represented by a plot oD]/v against 1/[PyO].

for the complexes are 6.% 0.9, 7.22+ 0.66, and ca. 60,
respectively.

It can be seen that the value lofs approximately the same
for two compounds. (The resolution of the valuesypinto k
and « for 2-CH;CsH4NO, on the other hand, was poor, since
the larger value ok would have required a higher [PyO] than
allowed.) The value ok, on the other hand, varies from case
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Figure 6. Concentrations of PyO and PyHanalyzed by*H NMR,

follow zero-order kinetics in reactions with MTO (0.4 mM).P{O)-
OD (800 mM), and 4-Me€H4NO (27 mM) in D;O containing 0.1 M
CRSOsD at 25.0°C. Each line has a slope of 1.30 10°° mol L™t

st

to serve as catalysts for O-atom transfer frop$&, showing
rate inhibition by RS2°
NMR Experiments. Because the spectrophotometric method
allows onlyD to be followed uniquely, we turned f&d NMR
in monitoring the ®i3 singlets of 4-Ei3CsH4sNO and 4-GH3CsHy-
ND™ in D,O. 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 knowrt 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,D. This was done spectrophoto-
metrically, following the loss of MTO absorbance at 270 nm
(e = 1.3 x 1L mol~t cm™1). The rate constant so determined
wask; = 5.5 x 102L mol~t s (cf. the 3.9x 1072 L mol?!
s1 given earlier} This value was needed for the kinetic
analysis; the issue of the inverse kinetic isotope effeckon
has been dealt with earliér.

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
AS, 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

to case. These findings are important for a consistent mechanismfactor in this particular case is the positive contribution\i&f
as taken up in the Discussion. Another point of significance from the release of coordinated water molecules during the
can be seen from Figure 3: the absorbance does not vary at theyctivation process (eq 2). The magnitude must be quite
point where PyO was injected. That was true for every such substantial to offset the inherently negativeS* for pure

experiment.

A few experiments were carried out with MO in place of
PyO. The absorbance Bfgradually but more slowly decreases
with addition of the sulfoxide, but it does not rise again. As an
independent experiment, ¥®8O was added to a solution of
MDO in which D had formed in about half the concentration it

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 iz > 107, or AG3®° < —40 kJ at 298
K. A value of that magnitude does not entirely preclude a step

would ultimately attain. At that point, the absorbance remained in the mechanism in whiclb reverts to 2 MDO, a point we

constant, and the formation &f was permanently interrupted.
Evidently, MDO and MeS form a tight complex. This will

add in anticipation of one proposal concerning the mechanism.
Oxo Transfer. The three reaction schemes in Scheme 1 are

account for all of these observations. As precedent for that, we potentially consistent with the kinetic data. In the first, A, a

note much recent evidence for Refvhiolate and thio com-
plexes®” In addition, oxorhenium(V) compounds are known

(20) Abu-Omar, M. M.; Khan, S. Ilnorg. Chem.1998 37, 4979-4985.
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Scheme 1. Tentative Reaction Schemes [D] kok_,
= = >
Common steps:  MTO + HzPOz — MDO + H3gPOg k1] K

=——= ~10' (9)
MDOJ?  K-2Ks
MDO + PyO — MTO + Py ksl
With the known values ok, andks, we then obtain
Individual steps and reaction schemes:

k_ K 3
2 5 c =Kt =(10) 22200 > 4518 (10)
2MDO 5D [kl 2MDO D  [ka] 2MDOED [ky, k2] -2 2 )
D+PyO ==D-OPy [K] D& D* [ka, k4] For this scheme to agree with the data, it also is necessary that
D-OPy - D* + PyO o D* reacts preferentially with PyO, rather than converting into
MTO +MDO +Py [ke] ~ MTO+MDO +Py [ks] 2 MDO. Thus, this inequality can be written
Derived rate equations for loss of D, v = K72 > kS[PyO] (]_1)
ks[D]-[PyO] ka[D] [PYO) 2k_5k;[D] [PyO}
K™ +{PyO] kk—"'—ﬁ-[PyO] %\/k3[PYO]+16K2k_2[D]+[PYO] If the experimental result for 4-MePy@, 4/ks = 7.2 x 1073
’ mol L~1, were incorporated, then at>4 1072 mol L1 PyO, a
Scheme 2 typically high conce.ntrgtiprkﬂ > O..2k.,2 WOU!d be obtained.
K K Although a less strict limitation, this is consistent with eq 10.
2 —4 A shakier extension of this analysis is to suggestlhatight
=2 o * —— 5 Y 99 g
2 MDO (T D <———k4 D have a value similar to that &, given the suggested similarity

in structure. If so, then the approximate valueslare~ 30—

50 st and (from eq 10k-» ~ 103 s™L. These numbers are

necessarily consistent with the limit Kfunder the method used.

Table 1 presents the experimental and estimated rate constants.
Incidentally, if the rate constants for the reactions in Scheme

prior equilibrium is proposed betweed and PyO. In B, a
steady-state scheni@ rearranges to forr®*, which is evidently
much more active in the oxo-transfer step ttitself. In C,
the formation ofD from MDO is postulated to be sufficiently 2 are examined, it is clear that MDO aBdt equilibrate much
reversible, allowingD to regenerate MDO, known to react more siowly tharD* and D do. This is consistent with the lack
rapidly with PyO. The rate law is given for each of the proposals. of accumulation ofD* and with the loose analogy drawn
Reaction schemes A and C can be eliminated by the following between these two reactions and stepwise chelate formation,
analysis. The saturation of the pre-equilibrium proposed in A where the ring closing step is invariably more rapid than
would lead to a distribution betweel and D-OPy, yet the bimolecular substitution. As to why the reactions take place as
absorbance db did not perceptibly vary upon addition of PyO. D — D* (kg) rather tharD — 2 MDO (k—,), we note that the
Scheme C lacks the precise kinetic form needed, but it is closek_, step poses a significant barrier for the latter. It seems that
enough that an analysis is warranted. C fails on two other D* has an MDO-like center and, as a result, will be highly
counts: the order with respectremains at unity (see Figure  reactive with PyO. Sinc®* must almost certainly lie on the
4) over a wide concentration range, and in the numerical fitting, pathway between MDO and, Scheme 2 follows as a
no real number could be found fér, with k; andks set at consequence of the acceptance of mechanism B.
their known values. Both points contradict C. Numerical Simulations. The steady-state reaction sequence
Mechanistic Analysis We therefore begin an analysis of B fits the mathematical requirements, including the observation
mechanism B. If this mechanism is to account for the various that the intermediaté* does not build up to a detectable
observations, then intermediaB* must be involved in two  concentration. Owing to the complexity of this scheme, it was
instances, as shown not only with PyO in Scheme 1, but also also examined with kinetics simulation techniques, for which
in the conversion of MDO td® given in Scheme 2. In neither ~ the program KinSim was uséd.?* Particular emphasis was
experiment doeD* attain a detectable concentration level.
Given the sense of the dimerization process, it seems plausible
thatD* is a half-bonded (half-opened) version Df

2

0
I i~
Mo Y07 SMe
D*

In that senseD* is much like the monodentate intermediate
that lies between a metal complex Mand 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- ) R ; R s
tion step, the chelate closure being much more rapid. 010" 1100 2100 3100 410

The overall conversion of MDO tb proceeds to completion,
base:d on the Cons'.[ant molar absorptivity of the prngct at all Figure 7. Concentrations of the indicated compounds, each normalized
starting concentrations. One can therefore set a limit on the iz givision by its initial or final concentration. The initial concentrations
equilibrium constant and then on the component rate constantsjor the simulation were 0.80 M 0, 25 mM 4-MeGH4NO, 0.10
From the preceding equation we have, conservatively mM D, and 0.20 mM MDO.

Concentration (normalized)

Time/s
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Table 1. Summary of Experimental and Estimated (in parentheses) Rate Constants

reaction kdat 25°C source
MTO + H,PO, — MDO + H3PO; ki =2.8x 1072 ref 1
2 MDOg D* k,=1.4 this work
k2 (k-2 < ~1073)
MDO + XCsH;NO — MTO + XCsCyN ks=7.1x 10° (X = 4-Me), ref 1
4.6x 10°(X =H)
D* =% D (k_4 ~ 30-50) this work
ke ks=5.6x 1073
D* + XCsH4,NO — MTO + MTO + XCsHsN (ks ~ ks assumed) this work

K alks = 7.2 x 10° (X = 4-Me),
6.7 x 10° (X = H)

aWith mol L= and s as the units for concentration and time, respectiV&ge text.

often an abrupt change. This is a clock reaction in that MDO,
in competition with its rapidKs) consumption by PyO, cannot
survive to begin the buildup dD; 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 whizhand
PyO react. In that step, cleavage of the @ bond of PyO must
provide a rate-controlling barrier. The possible structure of the

The concordance of this model with the experimental data transition state shows that electronic flow from one end of the
should be noted. The concentration Dfdecreases upon the  molecule to the other leads to the smooth conversion of reactants
injection of PyO at a simulated rate, in agreement with eq 7. It to products, as depicted here.
attains a minimum level governed by [PyO]; if [PyO] is greater,

placed on examiningd] as the computed output, sinéis

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.

then D]min is essentially zero, and it remains at that level for o o :

times that are longer at higher [PyQ]. Concurrent with those || HO(]| (O

optically monitored events, [PyO] decreases as [Py] increases /Fl‘é\ >Re( - CN + MeReO; + MeReO,(H,0),
catalytically via the sequential operation of the reactions given Me™ o OHzlo Me CNO
at the top of Scheme 1. In agreement with the experimental C,h l =

NMR findings (Figure 6), the catalytic decrease of PyO and «
the buildup of Py follow zero-order kinetics. Under these MeHeO3+</:/\\N
conditions, much of the consumption of PyO arises from the =
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