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Abstract 

Methylrhenium trioxide (MTO), supported on niobia, acts as an effective heterogeneous catalyst for certain chemical 
reactions. These include reactions of ethyl diazoacetate, which are equivalent to carbene-transfer processes, and selective 
oxidations that utilize hydrogen peroxide. Both groups of reactions, which are known to occur homogeneously, proceed 
efficiently and in good yield on the supported catalyst. 
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1. Introduction 

Methyh-henium trioxide (CH ,ReO, , abbrevi- 
ated as MTO) [l-4] is now well recognized to 
be an excellent catalyst for a range of reactions. 
Much effort has been devoted to establishing its 
effectiveness as a catalyst for oxidations with 
hydrogen peroxide [5- 1 l] and for establishing 
the mechanisms of these reactions. 

Although MT0 shows high reactivity and 
excellent selectivity in many reactions, and of- 
fers the further advantage that rhenium is evi- 
dently nontoxic, rhenium is an expensive metal. 
As useful as the described transformations are, 
the rhenium is not easy to recover without 
additional effort. Neither the expense of the 
rhenium nor the inconvenience of certain recov- 
ery procedures will always be of concern if the 
product is of sufficient value. Nonetheless, the 
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cost factor cannot be discounted entirely, partic- 
ularly if an expedient solution can be realized. 

We were encouraged by earlier reports that 
olefin metathesis is catalyzed by MT0 sup- 
ported on silica [2] and on niobia, Nb,O, [12]. 
We have now explored the possibility that MT0 
on a solid support, silica or niobia, would be 
more broadly active. The use of an immobilized 
MT0 would not only facilitate the removal of 
the metal but also its convenient reuse, espe- 
cially so if the activity of the catalyst is retained 
throughout. Prior to this study, only sparse re- 
ports of the application of supported MT0 had 
appeared. The principal material itself, MT0 
supported on niobia, has been well character- 
ized [13]. 

2. Results 

We have explored whether rhenium sup- 
ported on a solid oxide will (a) be catalytically 
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active, (b> be easily recoverable, and (c) retain lished describes the catalytic effect of MT0 on 
its reactivity for reuse without further chemical dioxolane and trioxane formation from carbonyl 
treatment. For our examples, we have chosen compounds, on rearrangements of propargylic 
several of the reactions cited in the introduction. alcohols, and on Diels-Alder reactions [30]. 

In the MTO-catalyzed peroxide reactions an 
oxygen atom, a 6e fragment, is transferred to 
the substrate as in the reaction 

X+H,Oz+XO+H,O 

In this case, the active forms of the catalyst are 
two: MeRe(O,)O, and MeRe(O,),O(H,O). 
They are in fairly rapid, but not instantaneous 
equilibrium with one another and with MT0 
and hydrogen peroxide [14-161. In the case of 
epoxidation reactions (X = alkene), the two 
show comparable catalytic activity [8,17]. The 
selective oxidations by MT0 are actually quite 
numerous, as the recent literature attests 
[4,6,7,9,10,18-261. 

More recently, MT0 has shown its versatility 
for other groups of reactions as well. They 
include carbene transfers from ethyl diazoac- 
etate (EDA) and nitrene transfers from organic 
azides [27,28]. The transfers of carbenes and 
nitrenes, other 6e fragments, are shown in these 
equations 

X + N&R, --) XCR, + N, 

X+RNs-+XNR+N, 

Experiments were carried out with MT0 on 
silica, the MT0 being taken up from toluene 
solution, and on both niobia and silica, the 
MT0 being deposited by sublimation. MT0 on 
silica is yellow-colored, but we found that the 
MT0 slowly leached off the surface on repeated 
rinsing with toluene; also, the inherently volatile 
MT0 was lost by heating the sample of MT0 
on silica under vacuum. On the other hand, the 
lavender solid formed by the sublimation of 
MT0 onto dried niobia remained unchanged 
both when the material was rinsed with toluene 
and ethanol and when it was heated to 100°C. 
For those reasons, the experiments described 
here are largely those with niobia-supported 
MTO. Samples of the supported catalyst were 
prepared according to the procedures reported in 
the original work [ 131. 

Given the similarities, it is no surprise that 
MT0 is an excellent catalyst for such reactions, 
some of which have recently been described 
[28]. Indeed, a considerable body of circumstan- 
tial evidence now supports the idea that all three 
adopt parallel mechanisms. As yet, however, 
direct documentation is lacking for the interme- 
diates in the latter cases, but the available data 
suggest that they are analogous to the mono- 
and diperoxorhenium species which are the 
catalytically active species in the peroxide reac- 
tions. That is to say, an $-(X-O) unit (X = NR, 
CR,) is implicated [28]. 

Supported MT0 on niobia has been charac- 
terized previously by several spectroscopic 
methods. They include: 13C MAS NMR (S 25 
ppm), FTIR, and surface acidity measurements 
based on pyridine adsorption [ 131. In light of 
this extensive work, we limited ourselves to 
repeating the FTIR determinations on our sam- 
ples. They showed peaks at 2990 and 2903 
cm-‘, compared to the reported 2990 and 2902 
cm-‘. 

Several groups of nonoxidative organic trans- 
formations are also catalyzed by MTO. The 
coupling-dehydration reactions of alcohols con- 
stitute one example [29]. Work as yet unpub- 

It seemed useful to examine a cross-section 
of the many types of reactions catalyzed by 
MTO, using a few typical compounds in each 
category. The processes we selected for this 
first demonstration of concept are (a> carbene 
transfer from the intermediate in the MTO-EDA 
system to protic acceptors-alcohols and amines, 
(b) carbene transfer to ketones, and (c) oxygen 
transfer from hydrogen peroxide to nucleophiles 
- a tertiary amine, a phosphine, and an alkene. 
The data are summarized in Tables 1 and 2. The 
products were formed in high yield generally, 
less so for certain of the peroxide reactions. 
When a symmetrical alkene was used (Table 2, 



2. Zhu, J.H. Espenson /Jomud of Molecular Catalysis A: Chemical 121 (1991) 139-143 141 

Table 1 
Ethyf diazoacetate reactions catalyzed by MT0 on niobia 

Entry substrate Product % Yielda Time 

1 EtOH ==H2CwQ IO& Id 

2 Z&OH Z-PKKH$QEt 100 Id 

3 n-B&H n-BuOCH2C02Et 100 ld 

4 PhNH2 PhNHCH&O,Et -95 1 d 

5 6H~8’*2 ~-C~H,~~~*CO~Et -90 Id 

f, PhCH(CH3)NH2 PhCHH(CH$JHCH$$Et -90 Ed 

sic Id 

>97d Id 

a Based on EDA, the same reactions run homogeneously are given 
in Ref. [28]. The substrate itself was the solvent. Either way, the 
yields were nearly quantitative. 
b The same reaction on silica gel gave 100% of EKKH,CO~Et 
after one day, and the catalyst was still yellow; after one more 
day, however, the yellow color had disappeared, signifying cata- 
lyst deactivation. 
“H-NMR: 1.28 (t, 3H), 1.72-2.42 (m, 8H), 4.16 (s, lH), 4.21 
ppm (q, 2H); 13C-NMR: 14.00, 22.86, 34.64, 60.65, 60.68, 61.17, 
and 170.35 ppm. 
d ‘H-NMR: 1.27 (t, 3H), 1.53-2.55 (m, lOHI, 4.15 (s, lH), 4.20 
ppm (q, 2H); ‘3C-NMR: 13.86, 24.82, 35.43, 60.66, 60.70, 61.16, 
170.41 ppm. 

entry 31, epoxidation took place as expected, 
along with an accompanying degree of epoxide 
~ng-opening. The second process was also cat- 
alyzed by the MTO/H,O, system. 

On the other hand, the use of an unsy~e~c 
alkene, entry 4, resulted in a diol that clearly 
arose from the epoxidation and ring opening of 
the symmetric alkene from the prior metathesis 
of the starting material [2,12]. From this, we 
conclude that metathesis is faster than epoxida- 
tion on MTO/Nb,O,. The supported catalyst 
does not exhibit the induction period often found 
for homogeneous reactions of ethyl diazoac- 
etate. One further reaction type was attempted: 
condensation of Ph,CHOH to the ether. This 
was the least satisfactory of all, giving 10% 
yield only. 

To demonstrate one of our major theses, that 
the supported catalyst can be recovered and 
reused, the experiment with excess ethanol and 

EDA (Table 1, entry 1) was repeated. A second 
1 mL portion of EDA was added; the reaction 
resumed and was completed in 20 h. This is 
about the same time as before. Diethyl fumarate 
and diethyl maleate, side products from the 
same reaction run homogeneously, were not 
detected when MT.0 on niobia was used. 

Additionally, the catalyst used in one reac- 
tion, that between 2-PrOH and EDA, was sepa- 
rated after the reaction was complete, rinsed 
with ethanol, and then used to conduct a differ- 
ent reaction, that between EtOH and EDA. The 
product, EtOCH,CO,Et, was again formed 
quantitatively in 24 h, just as when fresh cata- 
lyst was employed. These findings demonstrate 
the potenti~ of this method. 

A further control was carried out to show that 
Nb,O, itself, without the adso~tion of MTO, is 
unable to serve as a catalyst. Two reactions, 
EtOH + EDA and PhC(CH ,)CH, -t H,O,, 
were used as the blanks. 

Table 2 
Products and product yields from organic transformations with 
hydrogen peroxide catalyzed by me~y~henium trioxide supported 
on niobia 

substrate &duct % Yi&a Time 

1 PhNMe2 PhN(O)Me* ‘lo 2d 

2 Ph3P PhsP=O 100 4h 
0 

3 bans- Ph sob 

PhCH=CHPh ’ p 

4 w + 9scd 2d 

8od 2d 

fCZHa) 

a Except as noted, acetone was the solvent. 
b This reaction was carried out in acetic acid-acetone (100~40) to 
provide for proper solubiIity. The balance of the products con- 
sisted of cis-stilbene oxide (5%) and hydrobenzoin (5%). No gas 
was f&rated. 
’ Two isomers in 4:l ratio were obtained, the major one with a 
‘H-NMR spectrum at 2.09 (s), 4.22 (s), and 7.18 cm> ppm. The 
other gave resonances at 2.33 (s), 4.90 (s), and 7.22 (m) ppm. 
d Gas formation (CZHJ shows that olefin metathesis preceded 
oxidation. Propylene was also formed from C2Me, under these 
conditions. 
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The reactions reported here constitute a rep- 
resentative sample of those that are possible 
with this heterogeneous catalyst system. Work 
is in progress to extend the applications of MT0 
on niobia to systems in which the homogeneous 
catalyst is inclined to decomposition [31]. 

The nature of the catalyst-surface infraction 
has not been fully established. We conjecture 
that the never-quite-dry oxide surface contains 
Nb-OH groups that can condense with one (and 
likely two) Re=O groups to fix the MT0 f&y 
to the oxide surface. This leaves another Re=O 
group free to interact with HzO, or N$HCO,Et 
to produce the ca~lytic~ly active inte~e~ates 
(i.e., the T2-0,Re group and its carbene analog), 
that are known to be involved in the homoge- 
neous catalytic chemistry. Whether a monoper- 
oxo- or a diperoxorhenium species is the active 
form cannot be stated with certainty, but the 
presence of an q2-0,Re group is indicated by 
the fully-consistent picture of the m~h~isms 
of all the homogeneous reactions. 

3. Experimental section 

The supported catalyst was prepared accord- 
ing to the literature procedure [ 131. The niobia 
sample (325 mesh, Aldrich) was calcined 
overnight at 450°C under a stream of oxygen 
(1.2 L h-l); after cooling to room temperature 
and evacuation, it was exposed to water vapor 
in a desiccator for 4 h, then evacuated to 3C@‘C 
overnight [12,13,32]. MT0 (0.5 g, 2 mmol) was 
sublimed onto the surface of 25 g of this nio- 
bium oxide. For other experiments, silica gel 
was heated for 1 h at 550°C in a stream of 
nitrogen, and then doped with MT0 in toluene 
after it had been cooled to room temperature. 

The reactions of ethyl diazoacetate (Table 1) 
were carried out by adding EDA (1 mL, 9 
mmol) to 15 mL of the neat substrate, which 
was used as the solvent. This mixture was stirred 
with 0.5-2.5 g MTO/Nb,O, (0.04-0.2 mm01 
MTO) for I 24 h. In Table 2, the substrate (1 
mmol), peroxide (10 mmol), and 0.5 g 

MTO/Nb,O, (10 mg MTO, 0.04 mmol) were 
stirred in 15 mL glacial acetic acid for 4 h- - 1 
d, as needed. Benzhydrol (1 mmol) with 1 g 
MTO/Nb,O, (0.1 mm01 MTO) were stirred in 
20 mL CHC.1, for 1 d; no improvement in yield 
was noted at longer times, as the catalyst had 
decomposed. 

The product yields were determined from the 
isolated yields, except when they approached 
lOO%, in which case GC-MS was used to estab- 
lish the quantitative yield. 
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