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Abstract: The peroxides from methylrhenium trioxide (MTO) and hydrogen peroxidesReBy(12-O,), A, and
CH3Re(0)7%-0,)2(H20), B, have been fully characterized in both organic and aqueous media by spectroscopic means
(NMR and UV~vis). In aqueous solution, the equilibrium constants for their formatiornkare 16.1+ 0.2 L

mol~t andK; = 1324+ 2 L mol~t at pH O,u = 2.0 M, and 25°C. In the presence of hydrogen peroxide the catalyst
decomposes to methanol and perrhenate ions with a rate that is dependenOghajirtl [H:O*]. The complex
peroxide and pH dependences could be explained by one of two possible pathways: attack of either hydroxide on
A or HO,~ on MTO. The respective second-order rate constants for these reactions which were deduced from
comprehensive kinetic treatments &ge= (6.2 4 0.3) x 10° andkwro = (4.14 0.2) x 18 L mol~*s tatu = 0.01

M and 25°C. The plot of logk,, versus pH for the decomposition reaction is linear with a unit slope in the pH range
1.77-6.50. The diperoxid® decomposes much more slowly to yield &hd CHRe. This is a minor pathway,
however, amounting te-1% of the methanol and perrhenate ions produced from the irreversible deactivation at any
given pH. Within the limited precision for this rate constant, it appears to vary linearly withJ@fth k = 3 x
10“4stat pH 3.21u = 0.10 M, and 25°C. Without peroxide, CkRe(; is stable below pH 7, but decomposes

in alkaline aqueous solution to yield Gldnd Re@Q~. As a consequence, the decomposition rate rises sharply with
[H20,], peaking at the concentration at whidh][is a maximum, and then falling to a much smaller value. Variable-
temperaturéH NMR experiments revealed the presence of a labile coordinated waebirt supported the anhydride

form for A.

Introduction few hours, depending on the peroxide concentration and the

. I pH. Generally speaking, the system is more stable against
Methylrhenium trioxide (ClRes, MTO) catalyzes a broad decomposition at high [fD*]. In organic solvents, however,

spectrum of oxygen atom transfer reactions. It commonly assistsB is stable at ambient temperature provided hvdrogen peroxide
in the transfer of an O atom from hydrogen peroxide to a suitable . P P ydrogen p

substrate,S, as represented by the following generalized IssIsr':e?;(Collaes(f(.)mwgstg:Sinuggea:tzoekoﬁss#gﬁiS;hovc\l)\tglrstiCn?teal)g(l)ih
chemical equation: Y P q : :

methanol and oxygen can be detected, and both methylrhenium

trioxide and hydrogen peroxide decrease in concentration.
S+ H0, SO+ H0 @) Others have claimédhat the products form together, and have

A wide range of substrates can participate in this reaction: descrl_bec.j the major decomposition pathway by the following

alkenes:2 phosphine$, sulfides? metal thiolate complexes, ~ €duation:

bromide ion$, amines’ and so on. We and others are studying )

how MTO functions as a catalyst. We must also define any =~ CH,Re(0)¢*0,),(H,0) =~ CH,OH + H[ReQ]] + /,0,
limitations to its use. Two catalytically-active peroxorhenium 2)

complexes, with 1:1 and 2:1 peroxide:rhenium ratios, are
We shall see, however, that eq 2 is not a correct representation

cat. MTO

involved. They are CkRe(O)x(12-0O,) (A) and CHRe(O)%
02)2(H20) (B). We address here not the catalytic reactions per of the deactivation processes; oxygen is a minor byproduct

se, but SOIVO'yth and Other reaC'[ionS that the peroxorhenium Compared to methano' and perrhenate ions_

complexes undergo on their own, which lead to deactivation of

MTO.

Alone in water and in mixed aqueodserganic solvents, dilute
solutions of CHReG; persist for days with minimal <5%)
decomposition. When GiReG; and HO, are present together,

In the early stages of this investigation it became evident that
an array of methods would be needed to characterize the
chemical events taking place. We have employed several
experimental techniques!H NMR, stopped-flow, oxygen-
sensing electrodes, UWis spectroscopy, kinetics, and gas

however, decomposition ensues, usually over the course of achromatography.
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In addition, A was further characterized spectroscopically. T T
We sought to resolve the issue of whethetike B, has a water 06
molecule coordinated to rhenium. Also, the equilibrium con-
stants for peroxide binding and the spectrum Afwere
determined more precisely. 04

rel

Experimental Section

Materials. HPLC grade tetrahydrofuran (Fisher) was used, and high- 0.2

purity water was obtained by passing laboratory-distilled water through
a Millipore-Q water purification system. Hydrogen peroxide solutions,

MTO

prepared by diluting 30% #D, (Fisher), were standardized by 0
iodometric titration. The purity of starting reagents was checked by 0 500 1000 1500
H NMR. Time/s

Methylrhenium trioxide was prepared by a literature methau
purchased from Aldrich. Stock solutions of gReG; were prepared
in water, protected from light, and stored a6 °C. The solutions
were used within 3 days. Their concentrations were determined
spectrophotometrically prior to each UdeLabeled hydrogen peroxide-

180 was purchased from ICON Services, Inc., as a 1.4% solution in . he f ion of andB vield f di d
H,10, and 94% O from ISOTEC, Inc. since the formation ofA andB yields water, free or coordinated.

Instrumentation. H NMR spectra were obtained with either a H/€NC€, complete exclusion of water was not attempted; the
Nicolet 300 MHz or a Varian VXR-300 spectrometer. NMR spectra amount of water present, however, was limited to that introduced
recorded in THFds were referenced to M8i. tert-Butyl alcohol ¢ by the 30% HO,. Figure 1 shows the time profile for the
1.27) was used as an internal reference for spectra obtainegDAD formation ofA (2.4 ppm) from MTO (2.1 ppm) in THEs from
For spectrophotometric measurements, conventional (Shimadzu UV-an equimolar mixture of MTO and 4, (50 mM). The curve
2101PC and UV-3101PC) and stopped-flow (Sequential DX-17MV, for A constitutes a rise-and-fall pattern according to which
Applied Photophysics Ltd.) instruments were used with quartz cells (1 first forms from MTO and HO,, and then the 4] drops as
or 2 cm optical path length). The pH was measured using a Corning \jeOH (3.3 ppm) is produced from catalyst degradation. In

pH meter, model 320. Molecular oxygen production was measured et -

using a YSI Model 5300 biological oxygen monitor with a Model 5331 ;HF’ :tgh?f%e;do firg_t3or9fr ?éetﬁotn:t?ir:t fgr th;forrﬂ?tlr?? of

oxygen probe. All measurements were made at 25.0.2 °C, and is (3. 2) X4 1 sha atforits decomposition IS
3.1+ 0.3)x 104s L.

the instrument was calibrated using air-saturated water assumihg [O . . .
= 0.27 MM Methane production was measured with an HP 5790A At high [H20;], whereA forms very rapidly, the reaction of
Series gas chromatograph using an Alltech VZ-10 packed column andA With one additional mole of peroxide to ford could also
an HP 3390A integrator. Electrospray mass spectra of perrhenate werebe followed by!H NMR. The first-order rate constant for the
obtained using a Finnigan TSQ 700 operated in the single quad modeformation ofB from A in THF-dg with 40 mM MTO and 0.30

Figure 1. Kinetic traces obtained by NMR spectroscopy for the
formation ofA in THF-ds. Conditions: [MTO]= [H20;] = 50 mM at
25.0°C. The fit for A is based on the model MT& H,O, — A —
MeOH + H* + ReQy".

for negative ions. M H,0, is (2.05+ 0.04) x 103 s,
Is Water Coordinated to A and B? This issue was
Results examined by variable-temperatdt¢ NMR. Solutions of HO,
Identification of A by NMR. The chemical shift ofA in in THF-ds were dried over MgS® Although fully-dried

THF-ds was recently reported to be 3.2 ppfnWhen we mixed peroxide was not obtained, the water concentration was quite

equimolar amounts of MTO andB, (50 mM each) in THF- significantly reduced. In one set of conditions, high@] =
ds and recorded théH NMR spectrum, three Cibignals were  +-0 M and [MTO]= 0.08 M were used, so that onBywould

apparent:3(CHs) = 2.1 (MTO), 2.4 A), and 3.3 (CHOH, from be present. The temperature was varied f_HaﬂO °C to —55
partial decomposition) ppm. The peak &f at 2.4 ppm °C. At —40 °C two water peaks were evident, one for free

increased with time, as did the methanol signal at 3.3 ppm, water at 5.3 ppm and the other at 6.2 ppm for coordinated water.

although at different rates. When more hydrogen peroxide was”S Shown in Figure 2, the two are well separated. The low
added to this solution (20 the initial MTO concentration), the temperature was needed to separate the coordinated water peak

peaks of MTO and\ diminished and a new peak emerged at from that of free water, since this water is reasonably labile.
2.7 ppm, corresponding to the gi¢peroxo) complexd. The This finding contradicts another repdftyherein water is said
signal for methanol did not continue to increase oAcand ~ t© Pe tightly bound td and not exchanging, with a chemical
MTO were converted t& by the addition of a sufficiently high ~ SNift of 9.4 ppm. We found no chemical shift that high in the
concentration of hydrogen peroxide. We infer that the first- variable-temperature NMR experiments. In general, we find
reported® chemical shift ofA was in fact that of the methanol that the peaks broadened and coalesced as the temperature was
formed by partial decomposition. raised. The rate of water exchange proved to be dependent on

The rates of formation oA andB in THF depend on the the hconcentratlon.of water, consistent with the following
water concentration; the source of water in this experiment was exchange process:
the 30% HO,. Drying H,O, solutions in THF proved difficult,

CH,Re(0)¢7*-0,),(H,0) + H,0* =
(10) Brown, S. N.; Mayer, J. Minorg. Chem.1992 31, 4091.

2
(11) Herrmann, W. A.; Kbn, F. E.; Fischer, R. W.; Thiel, W. R.; Ramao, CHsRe(O)@ 'Oz)z(Hzo*) +H,0 3)
C. C.Inorg. Chem.1992 31, 4431.
(12) Kunkely, H.; Turk, T.; Teixeira, C.; Bellefon, C. d. M. d.; Herrmann,

W. A.. Volger., A. Organometallics1991 10, 2090. A second set of experiments employed a low@H = 80

(13) Gordon, A. J.; Ford, R. AThe Chemist's CompaniolViley: New mM and [MTO] = 80 mM to give a solution containing
York, 1972. y o predominantlyA and MTO and littleB. The temperature was
Ne(v%4\2cl):rig%ggll'cb EgsGe”ard' VEolubility of Gases in Liquidaviley: again varied from+20 °C to —55 °C. The separation of a

(15) Herrmann, W. A.; Fischer, R. W.; Scherer, W.; Rauch, MARgew. coordinated water peak fér was not observed. We conclude,

Chem., Int. Ed. Engl1993 32, 1157. therefore, either thaf lacks a coordinated water or that its
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Scheme 1
20°C o 0 0O
Ky[H20: II_-9 AN ?
B 1(H202] O // ka[H202) o -
CHgReOy ——— = /“e\ om— 7”9\/
MTO ky CHa 0 ke CHs o
A HO0 B
kmo[”'% ka[OH7] kalOH]
. o)
E % ReO,~ + CHa0H CH3ReO3 + Op + OH™
| — n A n l L n J
7.0 6.0 5.0 40 3.0 2.0 are comparable concentrations of all three rhenium species, for
ppm example, 60 mM MTO, 70 mM bD,, and 1.0 M DCIQ in
-40°C D,O. ThelH NMR spectrum was run as soon as practicable

(ca. 4 min after mixing). Along with a substantial amount of
CH3OD (6 3.4 ppm), the spectrum showed MT® 2.5),A (6
2.6), andB (6 3.0) in ratios that agree with those predicted
from the equilibrium constants.

When this experiment was repeated with a large excess of
H.0,, B was the only methylrhenium compound detected, and
" l little methanol was seen.

| Catalyst Decomposition. Kinetics. This system is suf-
ficiently intricate in its pattern of kinetic behavior that it seems
worthwhile to display all the plausible reactions before present-
ing the data from which they were constructed. The reactions
are given in Scheme 1.

The two reactions in Scheme 1 that account for the production
of methanol and perrhenate ions are kinetically indistinguishable,
since they both give rise to an identical transition state, namely,
[CHsReGQH™]*. The rate equations for this scheme will be
written so as to presume the two peroxide binding steps are
JL sufficiently rapid that they can be treated as prior equilibria, a

point that we verified independently. It should be noted from
Figure 2. Variable-temperaturéH NMR spectra of8 (generated in  this scheme that the irreversible decomposition of the catalyst
situ) in THF-d®. Conditions: 80 mM MTO and 1.0 M ¥D,. The proceeds via the reaction of eith&rwith hydroxide or MTO
asterisk indicates coordinated®t with HO,~, whereasB regenerates MTO upon expulsion of

dioxygen. The kinetic equations for Scheme 1 will be derived

coordinated water is much more labile than thaBofBecause ~ here, since we are not aware of a prior derivation. Cet
of other results from the pH-dependent kinetics, as presentedrepresent at any timethe concentration of all the forms of
in a later section, we are inclined to the first interpretation. ~ rhenium other than perrhenate ions:

Catalyst Deactivation. General Observations.Compound _
B is stable in organic solvents including tetrahydrofuran, [Re}r = C, + [ReQ, ], (6)
acetonitrile, and acetone, especially with excess peroxide. In . o i ) ) )
aqueous solutions, however, the peroxides are prone to decomBY (_jlfferennatlng this equation, and assuming perrhenate ions
pose, although the addition of acid greatly improves their °figinate fromA only, we have
stability. NMR experiments in THIels, similar to the ones _
described previously, revealed that, at low peroxide (generally diReQ ] dc_
<[Rey, such that A] > [B]), methanol is the decomposition g dt
product. Perrhenate ions were detected from the distinctive UV
band at 225 nm after decomposing the interfering hydrogen wherefa = [A]/C; is given by
peroxide by adding NaOH and heating to 1@ or by adding
MnO,. Perrhenate ions were also detected by their distinctive = Ky[H,0,]
UV absorption without the need to decompose hydrogen A+ K,[H,0,] + K,K,[H,0,]?
peroxide when [HO,] was low enough, that is5 mM. Hence,

methanol and perrhenate ions are formed concurrently by either|negration of this equation, noting the = [Rely, affords
one of the following net reactions:

-55°C

Ky[AIIOH ] = Kyfo[OH IC, (7)

®)

2 . _ C, = [Re]; exp(—kafA[OH ]t) 9)
CH;Re(O)(y°-0,) + H,0— CH,OH + H" + ReQ, (4)
On the other hand, assuming perrhenate ions instead originate

CH;ReQ, + HO, — CH,OH + ReQ, (5) from the reaction of MTO and H§, we obtain
Even under acidic aqueous conditions the same reactiond[Reoﬁli] —
occurred, albeit more slowly. On the basis of the equilibrium dt
constants for peroxide binding{ andK, were determined here _dc _ KyroIMTOIHO, T = kyrofuro[HO, 1C, (10)

as subsequently described), we settled on conditions where there dt
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Figure 3. Pseudo-first-order rate constant for the decomposition
the catalyst as a function of p@,]. The fit to eq 9 (or to the integral
of eq 10) yieldska[OH™] (or kwroK:2%/KiK,)[OH]) = 0.0062+
0.0003 s*. Conditions: 1.0 mM MTO, 0.01:60.50 M H,O,, andu =
[HCIO,] = 0.010 M at 25.C°C.

wherefyro = [MTO]J/C; is given by

1

fyro = 11
O Ki[H20,] + K1K2[H202]2 )
and [HG 7] expressed relative to [{D;] is
KH%[OH][H,0
[HO, ] = =2 [OH ][H,0,] (12)

K

W

Therefore, eqs 7 and 10 differ only in the identities of the
equilibrium and rate constants while maintaining the same

J. Am. Chem. Soc., Vol. 118, No. 21, 14969

. K1K2[H202]2
1+ K, [H,0,] + K,K,[H,0,]?

(14)

B

Sinceka[OH™] = k,/fa, regardless of whethdg, is measured
spectrophotometrically or from Muildup, the value okg' can
be obtained from the yield of oxygen at the end of the reaction.
Integration of eq 13 and rearrangement afford the expression

_kIOH [0,
fg [Re]r

(15)

Similar expressions, of course, could be written using the MTO
and HQ™ reaction as the decomposition pathway by relating
ka to kvto as shown in the following relation:

H0.
_ kuroKa™

kA B Kle

(16)

The overall relationship betweekis and [Q] remains un-
changed. The only difference lies in expressions of rate and
equilibrium constants for the formation of methanol and
perrhenate.

Oxygen buildup, detected with an oxygen electrode, was used
to monitor the decomposition processes at highQyj, 0.2—
0.8 M. These experiments had [ReF 1.00 mM at pH 3.21
(HsPOy/KH PO, buffer) and 25°C. The final Q concentration
varied linearly with [HO,], and the plot ofk, shows a
hyperbolic dependence on {&;]. These relationships are
depicted in Figure 4. Since the expressionffaat high [HO]
reduces tda = falfs = 1/Ky[H20;], these forms are expected
from, and are consistent with, Scheme 1. The average value
of kg at pH 3.21 and¢ = 0.10 M is (2.94+ 0.6) x 104 s,

dependences on hydrogen peroxide, hydroxide, and rheniumlincreasing [HO;] results in an increased ratio & to A and
concentrations. In summary, both methanol-producing reactionsMTO, thus enhancing the relative importance of thg- O
in Scheme 1 give rise to indistinguishable rate laws as shown Producing reaction o8. At the same time, however, the

by eqs 7 and 10. This treatment accounts for the main pathway

following first-order kinetics at constant pH and at constiant
or furo, which also implies at constant {B,], by virtue of it
being taken in excess.

The quantitative kinetic study of the decomposition pathways
was carried out spectrophotometrically by monitoring the
absorbance at 360 nm, whefeand especialB (emax = 1.1
x 10 L mol™t cm™) absorb. In an extensive series of
experiments [Reg]was maintained at 1.00 mM and the pH at
2.0 with perchloric acid. The concentration of hydrogen
peroxide was varied in the range 0.66.50 M. The data from
each experiment followed first-order kinetics, and the value of
k, was evaluated from nonlinear least-squares fitting of the
absorbancetime curves to a single exponential function.

A plot of k;, versus [HO;] was made, as shown in Figure 3.
The rate constant rises from very near zero without peroxide,
and after peaking it falls, following the proportion .
According to egs 7, 8, and 2. The fit to eq 9 yielded
ka[OH™] = (6.2 4+ 0.3) x 103 s or kyro[OH] = (4.1 +
0.2) x 10 s at pH 2.00 andt = 0.01 M.

As shown in Scheme B decomposes to yield O Again
from this scheme the rate of buildup of oxygen, for the moment
usingk's to symbolize the rate constant at a particular pH, is
given by

d[O,)/dt = K'5[B] = fgk'sC, = fok g[Rel,e KOt (13)

where

destruction of the catalyst is slowed sinée decomposes
irreversibly. Nonetheless, decompositionBois minor (<1%)
compared to the irreversible decomposition leading to methanol
and perrhenate ions. This means that the kinetic data for this
very minor pathway are of considerably lower quality; this point
must be kept in mind in considering the data obtained.

The results of these experiments are given in Table 1, which
includes values of the rate constants that were calculated from
values ofK; and K, determined at pH O (see later). The
peroxide-binding equilibria are not noticeably pH-dependent,
and this treatment should be fully reliable.

The possibility was considered that methane formation might
accompany the decomposition Bf

CH,Re(0)(*0,),(H,0) — CH, + H" + ReQ,” + O, (?)
17)

Although this would yield stable products, we reject this
alternative on the basis of the results of GC analyses for
methane. Only a trace of Gldould be detected from a reaction
between MTO (1.0 mM) and #D, (0.8 M) at pH 3.21. It
amounted to only 2.2(0.3)% of the amount of &formed under
these conditions, after calibration of the GC with pure methane
from the decomposition of MTO in NaOH solutions (see later).
Catalyst Decomposition. pH Profile. The kinetic depen-
dence of the rate of decomposition ons{pt] was investigated
with [Re}r = 0.10 mM and at [HO,] = 2.00 mM to maximize
the accuracy. At this concentratifmireduces tda = Ki[H,O,],
and k, to ka[OH ]Ki[H,0;] or to (kwroK52%/K,)[OH]-
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Figure 4. Pseudo-first-order rate constant from @easurements as
a function of [HO;]. Conditions: 1.0 mM MTO, 0.20.8 M HO,,
pH 3.21,4 = 0.10 M at 25.0°C. Inset: Linear relationship between
the amount of @ produced and the [#D,] as required by eq 18.

Table 1. Kinetic Results and Yields from the Measurement gf O
Productior

[H20.)/ k,/ [O2]of Ks/

M (10°sY) mM  Kalst (10%s) fa fa
0.20 5.7 0.035 0.16 2.1 0.036 0.95
0.30 3.4 0.073 0.14 25 0.025 0.97
0.40 2.7 0.12 0.14 3.2 0.019 0.98
0.60 1.8 0.17 0.15 3.1 0.013 0.99
0.80 15 0.23 0.16 3.6 0.0094 0.99

av: 0.15 2.9x 10

a Experimental conditions: 1.0 mM MTO, pH 3.21 4PO/KH,PO,
buffer), ande = 0.10 M at 25°C. Thefa andfgs values were calculated
with K; = 16.1 L mol! andK; = 132 L mol ™.

1 T T T T T

logk /s™

w07 w* 10t w0t 10° 107
H')/mol L7
5 l I I ] ]

1 2 3 4 5 6 7
pH

Figure 5. k, for the irreversible decomposition reaction as a function
of pH. Conditions: 0.10 mM MTO, 2.0 mM #D,, andu = 0.05 M

at 25.0°C. Inset: k,, versus [H] (log scale). The fit shown is that to
k, = K/[HT].

[H20,] (refer to eqs 7, 8, and 16). For each of 15 experiments
a constant pH was maintained using HZIPH < 3), or one

of a series of buffers, #PO/KHPO, (pH 2.9-3.8), HOACc/
NaOAc (pH 3.8-5.8), or KHbPOYK,HPO, (pH 5.8-6.8). A
constant ionic strength of 0.050 M was maintained with lithium
perchlorate.

The pH profile (logk, versus pH), shown in Figure 5, is
linear with a slope of 0.95- 0.01. The inset shows the fitting
of k,, directly to the expressiok, = k'/[H30%]. The value of
K is (9.76 & 0.06) x 107 mol L1 s71, and thereforeka =
3.05x 1 L mol~t st andkyto = 2.03 x 108 L mol-1s71
atu = 0.050 M. For now, we simply take this to be the basis
on which the decomposition of the catalyst in Scheme 1 is
written with a direct dependence upon [OH The molecular
basis for this chemistry will be presented in the Discussion.

Abu-Omar et al.
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Figure 6. [O2]. as a function of K [Rel[H20.])/ka (see eq 18).
Conditions: 1.0 mM MTO, 0.151.00 M H,O,, pH 2.6-3.5 (HPOy/
KH2PQ, buffer), 25.04 0.2°C, u = 0.10 M (+), 0.20 M ().

The pH profile for decomposition d is harder to define
with certainty, since so little decomposition leads to oxygen.
The conclusion we have reached is tBgtrobably reacts with
a first-order dependence on [OH just like A and MTO do.
Rearrangement of eq 15, after substitution of the expressions
for fa andfg, affords the following relation between {2 and
[H202]:

K[Rek[H,0,]
Ka

[0 o (18)
2o [OH]

The plot suggested by this equation J@versusK;[Re]r-
[H20,)/ka, where each individuads value and not the average
was taken, is shown in Figure 6 for data taken at two ionic
strengths, 0.1 and 0.2 M. Each of the plots approximates a
straight line, but the precision is evidently fairly low. Again,
this reflects the fact that oxygen evolution is a quite minor
pathway. At any rate, within the precision of the data, the values
determined over the accessible pH interval {236b) fall on a
straight line, indicating that the slope is roughly pH-independent.
For that to be the case, the denominator term in {Didust be
canceled by a corresponding term in the numeratok'gr
ks[OH™]. The values okg are (3.04 0.2) x 10’ and (2.0+
0.1) x 10’ L mol~t s71, atu = 0.10 and 0.20 M, respectively.

Labeling Studies. Since all the kinetic data presented thus
far for the irreversible decomposition reaction could be rational-
ized by either the reaction of HO upon MTO or that of
hydroxide uporA, we carried out labeling experiments utilizing
180 enriched hydrogen peroxide and water in an effort to
distinguish between the two pathways. The reactioA @fith
hydroxide ions would result in the incorporation of two peroxide
oxygens into the final perrhenate ions (eq 20); on the other hand,
if MTO reacts with HQ~ and a peroxide oxygen is used to
form MeOH, then only one peroxide oxygen would remain on
the final perrhenate (eq 19). It is worth noting here that the
peroxide oxygens oA andB in this catalytic system exchange
with neither the oxo ligands on the rhenium nor with water
molecules.

CH,ReO, + H¥0'%0™ = ReQ®0™ + CH,"OH  (19)

CH,ReQ(-%0,) + HO™ - ReG¥0,” + CH,0H (20)

The perrhenate ions from catalyst decomposition were isolated
as the potassium salt. A 15 mg (@®nol) sample of MTO
was dissolved in 0.60 mL of ¥D6 containing 6 mg (6@mol)
of KHCOs. A 120 uL sample of 1.5% KO, (90% O
enrichment) was added and the mixture allowed to stir for a
few minutes to ensure complete decomposition. The presence
of bicarbonate is necessary to neutralize the produced perrhenic

(16) Murmann, R. KJ. Phys. Chem1967, 71, 974.
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Scheme 2
+H20 (Ka)
CH3Re03 [CH3ReO3(OH)]™ + H*
ks[o;\ %
CHy + ReO4~

acid, since the perrhenate oxygen exchange reaction is very rapid i i

at acidic pHs'®

The solvent was removed under vacuum and the resulting

KReQ, collected. The KRe@was dissolved in methanol and

the mass of the anion determined. A similar experiment was

performed by labeling the MTO oxygens with¥0 and using
unlabeled H%O,.

J. Am. Chem. Soc., Vol. 118, No. 21, 149961
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Figure 7. Pseudo-first-order rate constants in alkaline solution for the

The major perrhenate species detected by electrospray masgecomposition of MTO to Cifand Req . Conditions: 0.20 mM MTO,
spectrometry corresponded to the fully exchanged anion, that0-0056-0.70 M OH, andu = 1.0 M (LICIO,) at 25.0°C.

is, R&80,4~ in the case of using #£0/H,1%0, and R&%0,~ when
H,160/H,180, are used. Evidently, the oxygen exchange
between the produced RgOand wate¥® made these labeling
experiments inconclusive with regards to resolving the true
pathway of decomposition.

Decomposition of MTO ltself. MTO is known to decom-
pose to CHand ReQ in alkaline solutions, and was assumed
to proceed via a hydroxide ion adddé#® We monitored the
rate of eq 21 by bothH NMR and UV—vis methods.

CH;ReQ,+ OH — CH, + ReQ, (22)

Addition of NaOH to 50 mM MTO in DO resulted in an
immediate color change from clear to yellow, followed by gas
evolution over a period of time. The NMR peak of MTO (

2.5 ppm) shifted to 1.9 ppm, and then disappeared after several

hours. The UWvis spectrum of 0.1 mM MTO changed
immediately with 30 mM NaOH. The new yellow compound
displays an absorption maximum at 340 nm=(1500 L mol?
cm™1). This lends support to the existence of an intermediate,
as presented in Scheme 2.

The dependence of the experimental reaction rate uponJOH
is shown in Figure 7. The experimental conditions were as
follows: 0.20 mM MTO, 0.0056-0.70 M NaOH, and: = 1.0
M (LiCIO4) at 25.0°C. The kinetic scheme gives the rate law

(kK kK IOH ]
K, + KJOH]

[Re}; (22)

A nonlinear least squares fit givég = (1.2 4+ 0.2) x 10712
mol L™! and ksKy, + ksKa) = 2.7 x 107 mol L1 s, The
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Figure 8. Spectra ofA andB obtained from SPECFIT fitting shown
alongside that of MTO in the range 28@20 nm.
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Figure 9. Repetitive spectral changes at 60 min intervals for the
formation ofA from 1.0 mM MTO and 0.010 M kD, in THF at 25.0
+ 0.2°C.

absorbance readings were fit globally using the program
SPECFIT!® The known spectra of MTO and,B, were entered
and held constant. This fitting givé§ = 16.14+ 0.2 L mol?!
andK; = 132+ 2 L mol™%. The calculated spectra #éf and

B are shown in Figure 8.

matter cannot be resolved further on the basis of kinetic data Timed repetitive scan spectra were also taken at a fixed

unless one assumes that only Kgg@ath is important (givinds

= (2.74 0.3) x 1072 L mol~* s7%), or the obverse, in which
caseks = (2.23+ 0.06) x 104 s7L. The value oK, for MTO

at 25°C andu = 1.0 M was confirmed by a spectrophotometric

[H20;] = 10 MM and [MTO]= 1.0 mM in THF. The overlaid
spectra, Figure 9, feature an isosbestic point at 290 nm,
indicating that no intermediates attain an appreciable concentra-
tion. In THF,A has a maximum at 305 nna & 730 L moi™?!

titration of MTO and NaOH; measured absorbances at 360 andcm~! compared to a literature vaftfef ¢ = 600 L molt cm™2).

390 nm yield an averagi, of 2.2 x 10712 mol L2,

Equilibrium Constants for Peroxide Coordination. The
equilibrium constants for the formation 8fandB in aqueous
solution were determined at 25°C. These are the values of
Ki and Kz from Scheme 1. The solutions contained 1.0 M
HCIQO4, 1.0 M LiClOy4, 0.74 mM MTO, and variable [D],
0.007%1-0.22 M. The spectra of 15 such solutions were recorded
in the range 286420 nm at intervals of 0.2 nm. The

(17) Herrmann, W. AAngew. Chem., Int. Ed. Engl988 27, 1297.
(18) Herrmann, W. A.; Kuchler, J. G.; Weichselbaumer, G.; Herdtweck,
E.; Kiprof, P.J. Organomet. Chen1989 372, 351.

Addition of 0.47 M HO increased the rate at whiéh formed.

The decomposition of the catalyst is also accelerated by water.
Repetitive scan spectra for the formation Bffrom MTO

via A show the expected two stages, Figure 10. The concentra-

tions were [MTO]= 1.0 mM and [HO,] = 0.20 M. Following

formation of A, the repetitive spectra show an isosbestic point

for A andB at 340 nm é = 900 L molt cm™?). B itself has

a maximum at 360 nme(= 1.10 x 1 L mol~t cm™Y). This

(19) Binstead, R. A.; Zubefiler, A. D. Specfit Spectrum Software
Associates, P.O. Box 4494, Chapel Hill, NC 27515.
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Figure 10. Repetitive spectral changes at 5 min intervals for the
formation ofB in THF from MTO viaA. The first spectrum does not
coincide with the isosbestic point, since the MTOAaonversion is
still in progress. Conditions: [MTO¥ 1.0 mM, [H:O;] = 0.20 M,
and 25.0+ 0.2°C.

Scheme 3

i N
ki[H20] o O kyiH,0. / 0
CH3ReO3 §Fle</ i) O\\Re//
K cHy? O PR cHe” | o

MTO A H0 B
k3[S] ka[S]
SO + CH3zReO3 SO + A

is close to values we have found in earlier wétkbut
considerably larger than one literature vafuef 700 L mol!
cm L,

Discussion

Abu-Omar et al.

Indeed, one of the messages we have presented previously
is that the rate constants for the oxygen-transfer reactions of
the two intermediated andB are nearly the same. Following,
for example, are values &¢ andk, for a few typical oxygen-
accepting substrates that suffice to make the poih:

substrate ks/(L mol~ts™) ko/(L mol~ts™)
CeHsSCHs 2.65x 10° 0.97x 10°
Br- 3.5x 17 19x 1%
PPh 7.3x 1P 21.6x 10°
PhCH=CMe, 1.00 0.70

Clearly,A andB exhibit comparable catalytic reactivities for
a given substrate. That is not to say, of course, that a
comparable concentration of product is produced frdrand
from B in any of these transformations. The contribution of
each catalytic transfer step is defined not onlykpyersusky,
but also by the concentration of hydrogen peroxide and by the
rate constants that characterize the formation of the active
intermediatesk;, k-1, kp, andk-;). A combination of these
guantities determines the proportion of each peroxorhenium
species present in the system and its conversion to product. The
extent of the two O atom transfer processes is determined by
the peroxide concentration and all six rate constants, not simply
ks andk,. Moreover, the thermodynamic binding constatts
andKs are of less relevance than the constituent rate constants,
since the peroxide binding steps are not instantaneous under
catalytic conditions, but are kinetically competitive.

One means of gaining insight into the decompositions, where
A andB behave so differently, is to examine what would happen
were the role of each to be interchanged in the respective

The results on catalyst deactivation can be interpreted by processes. For example, w@o release methanol upon attack
means of a relatively small number of chemical reactions. They by hydroxide ion, the chemical equation would be

are summarized in Scheme 1, which presents all of the reactions

that are of importance in the MT€H,0, system. The essence
of the reaction scheme is as follows: MTO angldform two

species that contain rhenium and peroxide in 1:1 and 1:2 ratios,
A andB. Under the conditions used, the two peroxide-binding co
reactions can be treated as rapid prior equilibria, even though

in catalytic systems they are kinetic steps.

The irreversible destruction of the catalyst to give methanol

and perrhenate proceeds via compouhdor an analogous
rhenium hydroperoxide complex, [GRe@*-O0H)(G3)]~. Com-

CH;Re(0)(Q), + OH™ # CH;OH + [Re(O)(0O,)] (23)

This reaction offers an unappealing prospect, however, in
ntrast with the corresponding one #rin Scheme 1, since
the trioxo(peroxo)rhenate(VIl) ion is not a known or stable
species. Indeed, we have found that mixtures of Re&nhd
H>0, show no indication of peroxo complex formation, whereas
the corresponding combination of GReQ; and HO, readily
results in the formation o&. So our contention is that reaction

poundB, on the other hand, releases molecular oxygen, thereby 53 ig ot important because it would give rise to a thermody-

restoring MTO, the parent form of the catalyst. That is to say,
decomposition oB does not really destroy the catalyst, although

it does decompose a corresponding amount of peroxide.
Neglected Reactions. The reactions shown in Scheme

suffice to account for all the observations. Other chemical
equations can be written; at face value, they might appear to

namically unfavorable product.
For a similar reason, we rationalize the lack of oxygen
evolution fromA:

CH;Re(0),(0,) = CH;Re(, + O, (24)

be as plausible as the ones given, yet they do not participate.Thjs event, were it to occur, would produce a rhenium(V)

For example, the answer is “no” to the question of wheier

product. While this substance is known, oxygen atom abstrac-

like A, will release methanol, and “no” again to the question of o from MTO takes a species with a very avid affinity for

whetherA, like B, will release oxygen. Put more precisely,

oxygen (e.g., PRfand HP(,);%223in such cases CiReQ; can

the two alternatives can be demonstrated to be of negligible e formed slowly325 It seems unlikely, however, that

importance compared to the ones found. The finding that

conversion of peroxide to dioxygen can bring about this

andB undergo distinctive reactions is intriguing, because, when ansformation. As to the parallel event tiaundergoes (refer

it comes to their role in catalysig, andB act as virtual stand-

to thekg step in Scheme 1), the bis(peroxo) species upon oxygen

ins f(;erone another. We have shown that, with few excep- rglease generates a stable rhenium(VIl) product, MTO itself.
tions>*! each peroxorhenium compound transfers a peroxidic That js to say, one peroxide anionBis released as elemental
oxygen to a given substrate with comparable kinetic efficiency. oxygen, and the other is converted into a pair 8f @ns that

To illustrate this point, refer to Scheme 3, which gives the are automatically incorporated into the newly-formed MTO. This
essence of the catalytic cycle.

(22) Holm, R. H.; Donahue, J. PPolyhedron1993 12, 571-589.

(23) Abu-Omar, M. M.; Espenson, J. thorg. Chem.1995 34, 6239.

(24) Herrmann, W. A.; Roesky, P. W.; Wang, M.; Scherer, @Vga-
nometallics1994 13, 4531.

(25) Zhu, Z.; Espenson, J. H. Mol. Catal.1995 103 87.

(20) Yamazaki, S.; Espenson, J. H.; Huston|rerg. Chem1993 32,
4683.

(21) One exception appears to be the cobalt thiolate complexGen)
(SCH,CH;NH,)?*, for which ks > ka.
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is how the more energetic Re(V) is avoided wHerevolves
oxygen. IfA, however, were to disproportionate® like B
does, it would necessarily require a bimolecular pathway, which
would be unlikely considering the low concentrationsfoft
equilibrium.

J. Am. Chem. Soc., Vol. 118, No. 21, 149983

implausible formulation, save for the fact that eq 26 does not
seem to represent particularly well the molecular changes that
might lead to methanol.

Returning to the first formulation, in which OHattacks
nucleophilically at the methyl group, either we envisage that

The process for oxygen release has just been described irthis step leads directly to the products, in which case the requisite

somewhat simplistic terms, with the goal in mind of rationalizing

electronic rearrangement of tly&-peroxide group is presumed

the absence of two decomposition pathways. In fact, there areto be relatively rapid, eq 27, or we invoke a sequential process
some very fundamental matters that need to be addressed aboun which a first-formed peroxorhenium(V) intermediate yields
the reactions that do take place. The timing of the events for the final products after internal electron shifts, eq 28.

oxygen release frorB and the chemical mechanism by which

MTO is released are examples. The balance of the discussion
focuses on these events and on plausible mechanisms by which

methanol and perrhenate are released.

Oxygen Evolution from B. The evolution of oxygen upon
decomposition oB to MTO is one of the reactions shown in
Scheme 1. In practice the yield of,& rather low compared
to [B]o, the reason being the relative valueskf (k'mto) and
k's. The decomposition oB occurs relatively slowly. The
electrochemical determination of,®uildup showed that [€).,
increased linearly with [bD;]o. This substantiates th& is

the source of oxygen, as given by the kinetic scheme and eq 18

once the peroxide dependence faf (or fyro) is taken into
account. The experimental rate constants obtained foel@ase
at various concentrations of jB,] decreased hyperbolically

as [HO,] increased; see Figure 4. This agrees with eq 13 and

with the spectrophotometric kinetic measurements, Figure 3.

Precedents for oxygen release frghperoxides are not very
common. A bis§?-peroxo)(porphyrinymolybdenum(V1) is pho-
tochemically converted to oxygen and ttis-(dioxo)(porphy-
rin)molybdenum(VI)? Although the mechanism has not been
established, an intermediate Me-peroxo complex has been
proposed® This is analogous to the mode of decomposition
by which we propos® reverts to the parent MTO.

On the other hand, the rhenium{eroxo complex (HBpz-
Re(0O)(Q) decomposes to (HBgReO; bimolecularly, rather
than losing Q directly® The authors attribute the failure of

o o
S D |
— CH30H Re..
Ha(‘;&/\o 3 +0¢ e\\'uo,
o
HO: (27)
o o -
oul.0
\\j”<| —>CHgOH + Oi\\/l — ReO,
ch{) o .Re\o
HO:~ (28)

The alternative route for production of methanol and perrhe-
nate ions involves the attack of HOon MTO. This proceeds
most likely via a rheniumhydroperoxo complex that is
analogous to compoundl, eq 29. Following its coordination

CHs CHy OH 0
O=nRe. +HOO —= o—__Rl ﬁ? — CHzOH
=Rex e, 3! + Rey.,,
0 \ / "’I -
) | Yo - o™ \\oo
o
(29)

to the rhenium(VIl) center, the hydroperoxide ligand becomes
electrophilically activated and more susceptible to attack by the
methyl group bound to rhenium. The outcome of this rearrange-
ment (as illustrated by eq 29) is the elimination of methanol,

dioxygen release from a single site, despite a substantial driving|e(,jwing behind perrhenate as the final rhenium product.

force, to a symmetry restriction against the interconversion of
a & metal peroxide to a dmetal dioxo species. If this
symmetry-derived restriction is general to @labmplexes, the
decomposition ofB to MTO and Q would proceed via a

Although neither kinetics nor labeling experiments were
successful in discriminating between mechanisms 27 and 28
on the one hand and mechanism 29 on the other, a comment
on which pathway would be more chemically sound based on

concerted mechanism rather than a stepwise transformation that) present knowledge is in order at this stage. Skicand

involves a rhenium(V) peroxo intermediate.
Methanol Formation. Since the two possible pathways for

kmro are close to the diffusion limit and the hydroperoxide anion
is notably more nucleophilic than hydroxi@epne expects to

the production of methanol (Scheme 1) cannot be resolved ggg giffusion-controlled peroxide-induced rather than hydroxide-

further on the basis of kinetics, and the labeling studies were j,qyced decomposition. Therefore, in light of these consider-

m_concluswe due to the oxygen exchange _of perrhenate, we Wil 5tions and the fact that dilute MTO solutions withousQH

discuss the molecular mechanisms by which each pathway maypesist for days in aqueous solution, we are inclined to favor

proceed. The decompositionAfmay occur by the direct attack  {he mechanism shown in eq 29 as the route by which the catalyst

of OH~ on the methyl group oA, in effect, an {2 displace- i irreversibly deactivated.

ment, eq 27 or 28. Alternatively, a species with OH A precedent relating to the decomposition of MTO is the

coordinated to rhenium may be responsible, which is representedqmation of (BUO),Mo(O), from the reaction of Mo(OBx

by the following steps: with molecular oxygen in dilute solutiorf8. In concentrated
solution, however, the product is ();Mo0, from bimolecular

KA . . . . .

A+HO==A—OH +H" (25) oxygen activation. The dilute reaction appears to be unimo-

2 lecular, as in eq 30.
k
A—OH™ —> CH,0OH + ReQ,” (26) R0 o on
Mo(OBuY), +02—>[ '( ’o:| J — /M'°\=o +2BuO’

with ka = kosKA/Kyw, which affordsksKA = 6.2 x 1075 mol F0 © RO %
L-1sL If we approximat& as equal tdMTO (1.2 x 10712 OR - BU'O (30)

(27) Carey, F. A.; Sundberg, R. Advanced Organic Chemistry3rd
ed.; Plenum Press: New York, 1990; Part A, p 268.

(28) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. C.
Inorg. Chem.1984 23, 1021.

mol L™%; see eq 21), thekps = 5 x 107) s™1. This is not an

(26) Ledon, H. J.; Bonnet, M.; Gillard, 0. Am. Chem. S0d981, 103
6209.
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Table 2. Summary of Equilibrium and Rate Constants at°25

reaction symbol value
CHsReQ; + H,0; = CHaRe(O}(O2)(A) + H,0 Ky 16.14 0.2 L mol!
A + H;0, == CH3Re(0)(Q)2(OH)(B) K2 1324+ 2L mol™?
CHsReQ; + H,0 = CH;ReQ(OH)™ + H* K MTO (1.24+£0.2) x 102 mol L1
CH;ReQ; + OH™ — ReQ™ + CHg2 Ks (2.74+0.3) x 102L molts?
CHzReQy(OH)~ — ReQ~ + CHZ ke (22+£0.1)x 104s?t
A + OH — CH;OH+ ReQ; P Ka (6.2£0.2) x 10° L mol~ts?
CH;ReQ; + HO,™ — ReQy™ + CH;OHP kwto (4.14+0.1)x 1L molts™
B + OH™ — CH3ReQ; + O£ + OH~ ks 2 x 10'L mol~ts?

aThe reaction represented kyis written in an alternative form represented ky°« = 0.010 M and 25C. ¢pH 3.21,u4 = 0.10 M, and 25
°C.

Scheme 4 Scheme 5
CHa C(H)3.0(D) f
| _ [ 0 o e S
O¢R€\§O _7\—» o//R\i§O CH30H + ReO4” ——kMTo (HO-] Re=0 kalHeOz] -~ Ox ”/cl) % CH;,/ I \0
rN, — Ré -
CH HO
o o s o ke cHy” o
kslOH] A
wro \kalOH] kalOH] ks
H* [|Ka
CHq + ReO,~ fakas ] ke
o
CH2 CHp \ ° 2 o o CH3OH + ReO,”
’11 0,0 [ e\ ro Il AN
ewr _— Re. + HOD = o Re.
0%\ ©OH 07\ ©0 or” No one?” | 0
(o] [e] H,0 B

) . ) The spectrum ofA could be obtained independently in THF,

Any mechanism that would involve deprotonation of the \yhere the formation reactions féx and B are much slower
methyl group is disregarded because deuterium incorporationipan in water. Although the spectrum & in water from
into MTO does not occur in BD, Scheme 4. The lack of  gpECFIT fitting does not match exactly with that measured in
hydrogen exchange for deterium in,@ deems the carbene  THE they are in reasonable agreement considering the proce-
tautomer of MTO insignificant. dures and fitting errors.

Methan_e Form_anon. T_he decomposition of (peromdc_a—fr_ee) We contend that the monoperoxorhenium compo@ndas
CHzReG; in alkaline solutions produces methane quantitatively. incorrectly identified in the NMR spectrum previous. It
The kinetic and spectroscopic data show that an intermediategaems likely to us that the reported chemical shift can be
is “instantly” formed between MTO and hydroxide ions. This  itributed to methanol. a decomposition product.
is reasonably a coordination compound, analogous to the adducts e rates at which methanol is produced &decomposed
formed between MTO and chloride ions and nitrogen bé%es. .o very sensitive to the solvent and pH. In both aqueous and
The short sequence of subsequent events that leads to methangmiaqueous environments, these compounds are stabilized by

formation can easily be depicted, as in eq 31. acid. In neat organic solvents the peroxides form more slowly
than in water, and their temporal stabilities are greatly enhanced.
HolH For example, at pH 2 in water, the experimental rate constant
CHs (gHa is 6.2 x_lCT3 s*l_whereas in THF it is 3.1x 1074 s_*l. Asa
o=ne=0 2 1o CHq + ReO4 + HO resultB is stable in the presence of excess peroxide for days in
AN 0—/’“\\ organic solvents, whersdl M acid is required to stabilizB
ho- © (31) comparably in water.

Summary. The important reactions are shown together in

. . Scheme 5, and the rate and equilibrium constants are given in
Formation of A and B. The equilibrium constant&; and Table 2.

K, were previously determined from absorbance readings at ]
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