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Methyltrioxorhenium, CH3;ReO; (1; MTO), hydrolyzes rapidly in basic aqueous solutions
and much more slowly in acidic media. At low concentrations (cyto < 8.0 x 1072 M) the
formation of CH,; gas and perrhenate was detected. The hydrolysis was followed by
spectrophotometry, and the rate constants were determined as a function of temperature
and pressure according to the rate law —d[MTO]/dt = ki [OH"][MTO]. The rate constant,
activation enthalpy, entropy, and volume at 298.2 K are as follows: k;/M~1 s 1 = (8.6 4 0.3)
x 10%, AH;*/kJ mol~t = 15.9 £+ 1, AS;*/J mol~* K1 = —135 + 3, and AV ;¥/cm® mol~t = -2.4
+ 0.4. Attempts to perform the reverse reaction, the synthesis of MTO from [ReO,4]~ and
CH,4 (200 MPa), failed: the decomposition of MTO seems to be irreversible. At higher MTO
concentrations a second reaction, a faster reversible polymerization—precipitation, takes
place to yield a gold solid of net formula (Cpg,H33Re030)n. The rate of polymerization—
precipitation was studied as a function of temperature in D,O by 'H NMR spectroscopy; it
follows first-order reversible Kinetics. The rate constant, activation enthalpy, and entropy
of polymerization—precipitation at 298.2 K are as follows: ky/s™1 = (2.1 £ 0.4) x 1075, AH,¥
kd mol~! = 111.9 + 5, AS,%J mol~! K-1 = 25 4 16 (the parameters for the dissolution of the
polymer are estimated data). The rate of the polymerization—precipitation is independent
of the concentration of H, and the reaction does not occur in the presence of [CIO4]~, [NOs]~,

and other oxidants.

Introduction

High-oxidation-state organometallic oxides have been
attracting attention per se and as catalysts in organic
syntheses.? Methyltrioxorhenium(VIl), CHzReO3; (MTO)
which is easily accessible,? constitutes the simplest
organorhenium compound: it is air-stable and soluble
in organic solvents and in water and is used as a
catalyst in the epoxidation of olefins, in olefin metha-
tesis, in Baeyer—Villiger oxidations, in aromatic oxida-
tions,232=f and in the oxidation of organic sulfides.3d In
the present paper we describe the Kinetics of the
behavior of MTO in dilute aqueous solution. The
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hydrolytic decomposition of MTO was investigated as a
function of temperature and pressure using UV—visible
spectrophotometry, and the polymerization—precipita-
tion of MTO was studied by variable-temperature 'H
NMR spectroscopy.

Experimental Part

Materials and Preparation of Solutions. Methyltrioxo-
rhenium(VIIl) was synthesized from Re;O; and Sn(CHs)s.*
Aqueous MTO solutions were freshly prepared and always
kept in the dark at 2—7 °C to avoid possible photochemical
reaction.> Double-distilled water was used in all cases. HCI
(25%), HCIO4 (70%), HNO;3; (63%), and CH3;COONa were
purchased from Merck, HBF, was obtained from Aldrich, and
D,0 (99.95%) was purchased from Armar and used as received
without further treatment or purification. The pH of the
solutions was measured with a Metrohm 654 pH meter
equipped with a Radiometer GK2322 C electrode calibrated
at pH 4.000 and 6.865 with buffers KH—phthalate and
K2[HPO4]/Na[H,PO.], respectively.
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Figure 1. Absorption spectra of a 1.85 x 10~* M solution
of CH3ReO3 at 353.2 K (I = 1.0 cm) as function of time (the
absorption decreases with time at 4 = 268.5 nm; the time
interval between each spectrum is 1800 s from run 1 to 5,
and 9000 s from run 5 to 8).

Spectrophotometric Measurements. Perkin-Elmer
Lambda 5 and Lambda 19 spectrophotometers were used to
carry out the Kinetic studies of the hydrolytic decomposition
of MTO. A home-built high-pressure optical unit® equipped
with pillbox cells” was used for the kinetic experiments. The
optical pathlength at ambient pressure was 2.1 cm; the spectra
were recorded between 400 and 200 nm. By pumping of a
thermostated liquid through the cell, the temperature was
stabilized to £0.2 K. The temperature range was between
283.2 and 353.2 K for the variable-temperature studies at
ambient pressure and between 283.2 and 343.2 K at 195 MPa.
Concentrations were expressed in molarities at 0.1 MPa.8

NMR Measurements. The 'H and YO NMR spectra at
variable temperature were recorded using a Bruker AC 200
spectrometer (4.7 T). The polymerization—precipitation of
MTO was studied between 313.2 and 353.2 K. The temper-
ature (+£0.2 K) was stabilized by a B-VT 2000 unit and
measured by a substitution technique using a 100 Q Pt
resistor.® *H NMR chemical shifts were measured relative to
sodium 3-(trimethylsilyl)propanesulfonate as internal refer-
ence.

Results and Discussion

Methyltrioxorhenium (MTO) is water-soluble and
stable toward protic acids. Its aqueous solutions de-
compose very slowly at room temperature but rapidly
upon addition of hydroxide.210 In very dilute agueous
solution (ca. 10~* M), the rate of hydrolysis of MTO
increases with increasing temperature. The measured
absorption spectra for MTO dissolved in water (cmto =
1.85 x 10™* M) at 353.2 K are shown in Figure 1, with
the time range being 10 h. The pH of the aqueous MTO
solution decreases during the decomposition, while
formation of the strong acid HReO,4 and evolution of CH4
are observed.

The hydrolysis of MTO at 353.2 K was studied in
dilute aqueous solution (cmto = (1—3) x 1074 M) having
the initial pH values equal to 2.97, 3.36, 3.67, 3.97
(adjusted with 0.01 M HCIO,), and 5.10. Each reaction
was followed for 10—54 h using UV—visible spectropho-
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Figure 2. Measured and calculated absorbances for the
CH3ReO; solution (Figure 1) at A = 268.5 (O) and 227.0
nm (O).

tometry. The rate constants were calculated simulta-
neously from the absorbance values at two different
wavelengths (268.5 and 227.0 nm), where major absor-
bance changes were observed:

L () p
A" = (¢"mro Cmto T € Re0,~CRe0, ) 1)

where | is the optical pathlength and cuto + Creo,-
corresponds to the initial MTO concentration. The
appearance of the isosbestic point (Figure 1) shows that
there is no significant concentration of rhenium species
other than CH3ReO3 and [ReO4]~. The hydrolysis

CH;ReO; + OH — CH, + [ReO,] (2)
has the experimental rate law
—d[CH;ReO,)/dt = k;[OH ][CH;ReO,] 3)

Equation 3 was integrated by using as initial conditions
[ReO47 o = 0 and [OH™]o calculated from the initial pH
of the MTO solution and Kw = [HT][OH~]. The pKy
value is 12.62 at 353.2 K.** The absorbance values at
two wavelengths were fitted with a nonlinear least-
squares program?2 to calculate k;. The measured and
calculated absorbance—time data are shown in Figure
2.

The validity of the kinetic model was checked with
buffered solutions (0.01 M CH3CO,H/CH3CO,Na) at pH
3.78, 4.74, and 5.70 (adjusted with HCIO,4). For these
solutions the rate equation is

—d[CH4ReO,)/dt = K, [CH,ReO,] )

with Keps = ki[OH ]eonst- ki1 was also calculated using
the relation ki = (kopsKw)/[H leonst: The determined
average value of rate constant k; at 353.2 K was (2.76
+ 0.18) x 10°® M~ s71, which agrees well with the
measured k; at this temperature. All the measured
values are shown in Figure 3.

The temperature dependence of the rate constant of
the MTO hydrolysis was determined between 283.2 and
353.2 K. The corresponding Eyring plot is shown in
Figure 3, and the calculated activation parameters are
reported in Table 1.
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Figure 3. Eyring plots of rate constant k; for hydrolysis
of CH3ReO3 at 0.1 (O) and 195 MPa (m).

Table 1. Kinetic Parameters for the Hydrolysis of
MTO in Aqueous Solution (cyto = (1-3) x 1074 M)
and for the MTO Polymerization—Precipitation in
D,0 Solution (cyto = (1.5—7) x 1072 M) at 298.2 K

P

0.1 MPa 195 MPa

(i) Hydrolysis of CH3ReO3

kyM-1s1 (8.6 +0.3) x 103 (1.1 +£0.1) x 108
AH;*kJ mol~1 159+1 123+1
AS;¥/J mol~t K1 —135+3 —145+ 4
AV7f/cm3 mol 1 —-24+04
(ii) Polymerization—Precipitation of CH3ReO3
Ko/s~1 (2.1 4+0.4) x 10°6
AH*/kJ mol—1 113+ 5
AS;*/3 mol~t K1 25416
k2/571 a ~8 x 1078

AH5*/kJ mol~1 2 ~100
AS* I mol~tK1la ~0

a Estimated values.

The hydrolysis of MTO has the same rate law at 195
MPa (1950 bar) as under atmospheric pressure. The
kinetics of the reaction was followed at high pressure
in the temperature range 283.2—343.2 K, the corre-
sponding Eyring plot is shown in Figure 3, and the
calculated activation parameters are reported in Table
1. The K, values at 195 MPa were taken from ref 13
(pKw = 13.886, 13.562, 12.998, 12.510 and 12.290 at
283.2, 293.2, 313.2, 333.2, and 343.2 K, respectively).
The volume of activation was determined from the data
measured at five different temperatures at ambient
pressure and at 195 MPa, using the equation

In Kyos = Ink; — AV'P/RT (5)

where P = 195 MPa. The calculated activation volume,
AV#, was —2.4 & 0.4 cm® mol~1. The negative value is
in agreement with the negative activation entropy.
The reaction mechanism was further studied by
isotopic exchange. The hydrolysis of deuterated CD3-
ReO3; in OH~/H,0 gives only CD3H and vice versa: CHs-
ReOsz in OD7/D,O gives only CH3D;* there is no
deuterium/hydrogen exchange between the CHjz group
and the solvent protons. There is a fast O exchange
between CH3ReO3 and the solvent water: at 298 K the
isotopic equilibrium in aqueous MTO solution is reached

(13) Marshall, W. L.; Franck, E. U. J. Phys. Chem. Ref. Data 1981,
10, 295.

(14) (a) Herrmann, W. A. J. Organomet. Chem. 1990, 382, 1. (b)
Fischer, R. W. Ph.D. Thesis, Technische Universitat Munchen, Ger-
many, 1994,
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in 2 min either by mixing 10% 17O-enriched H,O with
aqueous MTO solution or a 4.72% 17O-enriched CH3-
ReO3 solution with H,0, as observed by integrating the
170 NMR signals at 834 ppm (CH3ReO3) and 0 ppm
(H2O, reference). The CH3ReO; is a weak acid in
aqueous solution (pK, = 7.5).15016 This means that
there is a fast protonation equilibrium between [CH3-
ReO3(H;0)] and [CH3ReO3(OH)]~. The hydrolysis of
MTO in D,O (0.4 M in D*) at 333 K is 2.2 4+ 0.1 times
faster than under the same conditions in H-0.

According to these observations, it can be proposed
that a rapid deprotonation equilibrium of [CH3ReO3-
(H20)] precedes the rate-determining step; i.e., the
simultaneous Re—C and O—H bond cleavages in
[(HO)O3ReCHj3] ™ result in the formation of ReO4~ and
CH,. The observed negative value of AV¥ (and of AS¥)
does not necessarily indicate an associatively activated
reaction pathway. Indeed, the AV* value is a composite
one; it includes the activation volume of the rate-
determining step and the unknown reaction volume of
the deprotonation preequilibrium.

The possibility of the reverse reaction

[ReO,]” + CH, — CH,ReO, + OH" (6)

in acidic solutions of ReO4~ with CH, pressurized to 200
MPa was checked. After 72—96 h of stirring, the CH,4
pressure was released and the aqueous solutions were
analyzed by spectrophotometry and/or H NMR (de-
pending on the total Re concentration). Despite several
attempts with different experimental conditions (con-
centration, pH, reaction time, temperature), no forma-
tion of MTO could be detected. This result suggests that
the decomposition of MTO in aqueous solution is not a
reversible reaction.

If a more concentrated solution of CH3zReO3; (Cpmto =
2.4 x 1072 M) in DO is heated to 323.2 K, a polymer-
ization—precipitation reaction takes place which is
faster than MTO hydrolysis. The solution becomes blue
(colloid) followed by precipitation. The precipitate was
analyzed, giving the composition Cgg,H33Re030,15717 i.e.
near that of {CH3ReO3},. This polymerization—pre-
cipitation was studied by 'H NMR spectroscopy. The
intensity of the CHj proton signal (6 2.3 ppm) was used
to determine the MTO concentration in solution: the
HOD protons present in comparable and constant
concentration in D,O were used as an internal standard
for integration. Figure 4 shows the decrease of the CH3z
proton signals as function of time.

This method made it possible to measure the MTO
concentration in solution but could not be used to
measure directly the amount of the precipitated polymer
and the quantity of MTO hydrolyzed. The initial
reaction rate of the hydrolysis in a 0.024 M solution of
MTO was calculated to be 5 x 1078 M s71 at 323.2 K
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Figure 4. Measured and calculated integrals of the CH;

protons (arbitrary units) in a 0.024 M solution of MTO in
D,0 as a function of time at 323.2 K.

(the rate slows down due to the second-order Kinetics
and the decrease in pH during the reaction), while the
first-order decrease of the methyl proton signal was
measured under the same conditions to be more than
20 times faster (1.4 x 107 M s~1). One can, therefore,
follow the polymerization—precipitation via the decrease
of the CHj signal.

The reaction shown in Figure 4 was stopped after 14
h. The mixture was diluted four times and stirred at
323.2 K. It was observed that all the precipitate
dissolved within 3 h. The CHj signal was checked
periodically, and its intensity increased when the dilu-
tion was taken into account. Therefore, the polymeri-
zation—precipitation reaction is reversible.

The rate of the reversible polymerization—precipita-
tion was studied in D20 as a function of the concentra-
tions of MTO and HT, in the range of (1.5—7.0) x 1072
M of MTO and from acid free solution to 1.19 M of H*
(adjusted with HCI or HBF,4) at 323.2 K. The reaction®’
CH3ReO3 = (1/n){ CH3ReOg3} , follows first-order revers-
ible Kinetics according to the rate law

—d[MTO)/dt = k,[CH,ReO,] — k_,[{CH,Re0.},] (7)

It was found that the rate constant k», characterizing
the decrease of MTO in solution, is independent of the
concentrations of H and MTO. The integral of the CH3
signal was expressed as

| = 10K/, + K_o)) + Iod — K_y/(k, + K_)
exp(—(k_, + ky)t) (8)

where Ig and | are the signal intensities at time zero
and time t, respectively. The calculated values for k;
and k—; at 323.2 Kare (7.8 £ 1.5) x 10*s tand (5.3 &+
2.8) x 1075 s71, respectively. While the rate constant
of the polymerization—precipitation, k,, was determined
precisely, it was found that k—_,, the rate constant of the
dissolution of the (CH3ReO3), polymer, could only be
measured with a large error. The direct determination
of k—, was found to depend on experimental conditions:
stirring, age of precipitate, size of solid particles, etc.,
thus reflecting the complex chemical and structural
phenomena associated with this polymer.15217 Under
different reaction conditions (tg = 3 days, t = 70—80
°C, 0.05 M = cuto = 0.2 M), the polymerization—
precipitation of MTO is not reversible.’>16 Isolated, dry
poly-MTO cannot be redissolved to monomeric MTO in
any common solvent.?>16 The discussed reversible reac-
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Figure 5. Eyring plot of rate constants for CH3ReO3
polymerization—precipitation, k,, at different concentra-
tions of MTO and H™.

tion herein is observed in diluted freshly prepared
systems after short reaction times. The activation
parameters for the polymerization—precipitation were
determined from measurements in the temperature
range 313.2—353.2 K and are presented in Table 1. The
corresponding Eyring plot is shown in Figure 5 and
includes all the measurements at different concentra-
tions and acidities.

The lowest concentration of MTO leading to polym-
erization—precipitation was determined by independent
experiments. From spectrophotometric measurements
it was found that a 8.1 x 1073 M solution in MTO gave
a precipitate after 1 day at 323.2 K, whilea 7.9 x 1073
M solution did not give a precipitate under the same
conditions, even after larger periods of time.

The kinetic runs of solutions of MTO acidified with
H[BF,4] gave the same results as with HCI: within the
concentration range used, the Cl~ ion has no effect on
the reaction rate; no ClI~ adduct was observed in dilute
aqueous solution, although chloride attack at the Lewis-
acidic rhenium of MTO is known.181% The polymeriza-
tion—precipitation also took place in diluted H,SO4, but
not when oxidizing acids (HCIO4, HNO3, etc.) were used.
Only the slow hydrolysis of MTO was observed in the
latter case.

Conclusion

In dilute aqueous solutions of CH3zReO3, hydrolysis
of MTO is observed and proceeds via a fast deprotona-
tion equilibrium of [CH3ReO3(H,0)] followed by rate-
determining, simultaneous Re—C and O—H bond cleav-
age in [(HO)O3sReCHj3] ™, resulting in the formation of
CH,4 and ReO,.

At high CH3ReO3 concentrations a faster aggregation
process can be observed, resulting in the precipitation
of a “polymeric” organometallic oxide with the average
composition Cog,H33ReO30. The rate of this reaction
is independent of the pH.

Acknowledgment. We thank the Swiss National
Science Foundation and the Deutsche Forschungsge-
meinschaft for financial support. H. C. Starck GmbH
(Prof. Winter) is acknowledged for a generous gift of
rhenium.

OM9500937

(18) (@) Herrmann, W. A.; Weichselbaumer, G.; Herdtweck, E. J.
Organomet. Chem. 1989, 372, 371. (b) Herrmann, W. A.; Kihn, F. E.;
Rauch, M. U.; Correia, J. D. G.; Artus, G. Inorg. Chem. 1995, 34, 2914.

(19) Herrmann, W. A.; Kuchler, J. G.; Kiprof, P.; Riede, J. J.
Organomet. Chem. 1990, 395, 55.



