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Abstract: Methylrhenium trioxide (CH3ReO3 or MTO) catalyzes several classes of reactions of ethyl diazoacetate,
EDA. It is the first high valent oxo complex for carbene transfer. Under mild conditions and in the absence of
other substrates, EDA was converted to a 9:1 mixture of diethyl maleate and diethyl fumarate. In the presence of
alcohols,R-alkoxy ethyl acetates were obtained in good yield. The yields dropped for the larger and more branched
alcohols, the balance of material being diethyl maleate and fumarate. An electron-donating group in theparaposition
of phenols favors the formation ofR-phenoxy ethyl acetates. The use of EDA to formR-thio ethyl acetates and
N-substituted glycine ethyl esters, on the other hand, is hardly affected by the size or structure of the parent thiol or
amine, with all of these reactions proceeding in high yield. MTO-catalyzed cycloaddition reactions occur between
EDA and aromatic imines, olefins, and carbonyl compounds. Three-membered ring products are formed: aziridines,
cyclopropanes, and epoxides, respectively. The reactions favor the formation of trans products, and provide a
convenient route for the preparation of aziridines. Intermediate carbenoid and nitrenoid species have been proposed.
In the presence of an oxygen source such as an epoxide, ethyl diazoacetate and azibenzil are converted to an oxalic
acid monoethyl ester and to benzil; at the same time the epoxide was converted to an olefin. These results provide
further support for the proposed intermediate, a cyclic species containing Re, O, and CHCO2Et (or, occasionally,
CPhC(O)Ph) in a three-membered ring.

Introduction

Methylrhenium trioxide, during the relatively short period
from the original report1 to the more convenient preparative
methods now available,2-4 already has found wide use in
catalysis. The catalytic applications of MTO include the
epoxidation4 and metathesis5 of olefins, aldehyde olefination,6

dehydration of alcohols,7 and oxygen transfer.8 Extensive
reports have now appeared in the area of MTO-catalyzed
substrate oxidations with hydrogen peroxide. These reactions
include the oxidation of alkenes,4,9-12 cobalt thiolates,13 alkyl
and aryl sulfides,14 anilines,15 alkynes,16 and phosphines.17 In
many of these instances, the mechanistic features have been

explored, implicating either and usually both of two rhenium
peroxides, CH3Re(O)2(η2-O2) (A) and CH3Re(O)(η2-O2)2(H2O),
B.

New applications have now been realized in which MTO
catalyzes certain organic reactions that do not involve peroxide.
We were led in this direction from the growing understanding
of the peroxide mechanism. The isoelectronic principle sug-
gested the plausibility of two other molecules, analogous toA.
We call themAN andAC:

The notation suggests that these intermediates might be
nitrene and carbene equivalents (“nitrenoid” or “carbenoid”
species), in the sense thatA itself can be regarded as an “oxene”
equivalent. Needless to say, we hoped to learn whether such
species might transfer NH, NR, or CHR groups to an appropriate
electron-rich acceptor in the same way thatA andB transfer
an oxygen.
In our initial attempts to formAN we used hydroxylamines

and hydrazines which are isoelectronic with hydrogen peroxide.
Repeated attempts along these lines have not yet succeeded.
We then found that ethyl diazoacetate18 and organic azides will
transfer “CHCO2Et” and “NR” functional groups in reactions
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that are catalyzed by MTO, giving satisfactory, and often nearly
quantitative, yields of pure product. Methylrhenium trioxide
efficiently catalyzes the formation of (1) alkoxy ester, thioester,
and glycine ester derivatives from alcohols, phenols, thiols, and
secondary or primary amines, (2) aziridines from organic imines,
(3) organic imines from aromatic aldehydes, (4) cyclopropanes
from olefins, and (5) epoxides from aldehydes or ketones. The
traditional methods for many of these transformations are often
time-consuming, require significant workup, and usually proceed
in lower yields.
In that MTO is the first high-valent metal oxo complex

reported to catalyze EDA reactions, we intend to explain these
findings in terms ofAN andAC rather than metal nitrene and
carbene intermediates. The catalytic reactions are described
here, but not the detection or validation of the suggested
intermediates. At the present timeAN andAC remain hypotheti-
cal constructs that provide a tentative basis for rationalizing these
MTO-catalyzed transformations; the involvement ofAC and not
a metal carbene was supported by experiments on azibenzil.

Results

MTO-Catalyzed Decomposition of Ethyl Diazoacetate
(EDA). In accord with a previous report,6 EDA is converted
to diethyl maleate (predominantly) and fumarate, and to a
smaller amount of ethyl glyoxalate azine. Both reactions are
catalyzed by MTO, eqs 1 and 2. The reaction of EDA (10
mmol) with 10% MTO in dry benzene required 6 h to reach
completion at 60°C, or 1 week at room temperature.

With MTO, the observed cis:trans ratio of the olefins from
eq 1 was 9:1, and in the reactions described in subsequent
sections, where the olefins were obtained as byproducts, the
cis:trans ratios lay between 7:1 and 9:1. In comparison, the
high-temperature (>200°C) decomposition of EDA gave a cis:
trans ratio of 1:0.6.
The amount of the azine obtained from eq 2 depended on

the concentrations of EDA and MTO. The azine was obtained
in about 10% yield when the MTO was taken in only 3% of
the amount of the EDA. On the other hand, with MTO present
at only 0.2% of the EDA, all of the EDA was converted to the
azine. The variation in the concentration of the azine found at
the end of the decomposition of the EDA is displayed in Figure
1. The mathematical analysis of this dependence is given in
theDiscussion Section, where the chemical model is presented.
When the MTO-catalyzed decomposition of EDA was carried

out in the presence of an epoxide (for example,cis-stilbene
oxide), the reaction yields oxalic acid monoethyl ester and the
deoxygenation product,cis-stilbene.

Trace amounts of water led to the rapid formation of ethyl
glycolate (EtCO2CH2OH); for that reason, all of the reactions
reported herein were investigated in dry organic solvents.

Ether Formation . A series of phenols and primary, second-
ary, and tertiary aliphatic alcohols were used in the EDA/MTO
catalytic system. The catalytic reactions resulted in alkoxy and
phenoxy esters, in which a new ether linkage was realized. Ether
formation from alcohols and EDA with other catalysts has been
reported.19,20 The net reaction in the present case is

The reactions were carried out with nearly comparable
amounts of EDA and alcohol (50 mmol each), and 0.4% (0.2
mmol) of MTO. The substrate alcohols and the yields of
products obtained are presented in Table 1. The phenols and
the low-molecular-weight primary alcohols gaveg87% isolated
yields. Only a trace of the fumarate and maleate esters was
obtained, and none of the azine, even when low levels of MTO
were used. The yields dropped with the larger and more
branched alcohols, the lowest being a 57% yield fromtert-amyl
alcohol. The balance of the material was the fumarate and
maleate esters.
Formation of S-C and N-C Single Bonds. Analogous to

the reactions in the preceding section, thiols and (mostly
primary) amines are converted with EDA/MTO into thioesters
(eq 5) and glycine esters (eq 6). Reactions of amines and EDA
with other catalysts have been reported.21 Only a trace of the
fumarate or maleate esters was observed, and none of the azine,

(19) Paulissen, P.; Reimlinger, H.; Hayez, E.; Hubert, A. J.; Tessie´, P.
Tetrahedron Lett.1973, 24, 2233.

(20) Noels, A. F.; Demonceau, A.; Petiniot, N.; Hubert, A. J.; Tessie´, P.
Tetrahedron1982, 38, 2733.

(21) Mueller, E.; Huber-Emden, H.Ann.1961, 639, 70.

2N2CHCO2Et98
cat. MTO

EtO2CCHdCHCO2Et+ 2N2 (1)

2N2CHCO2Et98
cat. MTO

EtO2CCHdN-NdCHCO2Et+ N2

(2)

Figure 1. The MTO-catalyzed decomposition of ethyl diazoacetate
(EDA) yields a mixture of an azine and diethyl maleate, as shown in
Scheme 3. The final concentration of the azine product depends on the
initial concentration of EDA; both quantities have the units mol L-1.
The smooth curve is the least-squares fit to eq A-4, which follows from
the suggested reaction scheme.

Table 1. Yieldsa of Alkoxy and Phenoxy Esters Obtained from the
Reactions of Alcohols (ROH, ArOH) and Ethyl Diazoacetate in the
Presence of MTO

R yield (%) Ar yield (%)

methyl 93 C6H5 87
ethyl 90 p-Me-C6H4 91
n-propyl 92 p-Et-C6H4 90
n-butyl 88 p-But-C6H4 90
n-heptyl 84 p-MeO-C6H4 92
PhCH2CH2 87 p-Cl-C6H4 84
C6H5CH2 89
p-Me-C6H4CH2 90
PhC(Me)H 72
2-propyl 63
tert-amyl 57

a Each of the reported yields is the lowest one of 2-3 replicates,
which holds for the yields in other tables as well.

ROH+ N2CHCO2Et98
cat. MTO

ROCH2CO2Et+ N2 (4)
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even when MTO was used at the 0.5% level. The exact starting
materials, products, and yields are given in Tables 2 and 3.

The use of the thiol and amine reagents as solvent resulted
in very fast reactions. For the thiols either the MTO was
dissolved in EDA and the thiol added promptly to the mixture
or (without difference) the EDA was added to a solution of MTO
in the thiol. These reactions were complete within minutes with
isolated yields exceeding 95%. For the amines, the MTO was
dissolved in the amine, and the EDA added last. These reactions
reached completion in 1 h and gave>85% product yield.
Synthesis of Aziridines. Aziridines resulted from the

reaction of EDA/MTO with imines. Aromatic imines, prepared
with MTO catalysis as reported in a subsequent section, were
used as substrates. The CdN double bond of the imines was
converted to an aziridine under mild conditions; this cycload-
dition reaction (eq 7) was catalyzed by MTO.

The yields of the aziridines wereg87%, as specified in Table
4. As to byproducts, only a trace amount of the fumarate and
maleate esters could be detected, and none of the azine. Only
a single isomer of the aziridine was obtained, as determined by
GC-MS. The coupling constants for the ring protons for these
products are in the range 2-4 Hz, which verifies that the trans
(E) isomer is obtained. For example, the product from

PhCHdNPh hasJHH ) 2.5 Hz in CDCl3, which agrees with an
earlier report.22

Formation of Epoxides. Carbonyl compounds, both alde-
hydes and ketones, are converted to epoxides by EDA. The
net reaction is

The rates decrease in the order aliphatic aldehydes> aromatic
aldehydes> ketones. The aldehyde reactions form largely the
isomer in which the two bulkiest groups (CHCO2Et and, say,
R1) are in a trans disposition. The ketone reactions, on the other
hand, yield detectable amounts of both geometric isomers as
described in the Experimental Section. In addition to the
epoxides, which are formed in yields of 49-79% (see Table
5), a minor product was also seen in the GC-MS data.
Although this method is not reliable for quantitation, some
5-15% of that product might be inferred. It has a molecular
weight exactly equal to the combined formula weights of EDA
and the carbonyl compound. We were unable to isolate this
product with vacuum distillation or column chromatography; it
decomposed in both cases.
The reactions of aldehydes or ketones with EDA are clearly

not the most useful epoxide synthesis that one might devise.
More practical epoxide-forming reactions include alkene-
hydrogen peroxide reactions catalyzed by MTO.4,9,23,24 None-
theless, epoxide formation in these cases proved informative
as to the breadth of MTO catalytic chemistry and is instructive
as to the mechanisms employed by these systems.
Formation of Cyclopropanes. As the formation of cyclo-

propanecarboxylic esters is one of the most studied reactions
of EDA25 and given the importance of cyclopropyl rings, we
chose to investigate cycloaddition reactions of alkenes with
EDA/MTO. The cyclopropanation reactions occur according
to this net reaction,

The olefin itself was used as the solvent; reactions do occur
but very slowly in dry benzene and methylene chloride. Isolated
yields of 57-87% were obtained, Table 6. Again, the reaction
forms the cyclopropane product in which the bulkiest groups
are disposed trans relative to one another; singly-substituted
olefins give solely the trans product. For 1,1-disubstituted
olefins, two isomers were obtained as reported in the Experi-
mental Section. For example,R-methylstyrene yields the

(22) Vaultier, M.; Carrie, R.Tetrahedron1979, 35, 1357.
(23) Herrmann, W. A.; Fischer, R. W.; Marz, D. W.Angew. Chem., Int.

Ed. Engl.1991, 30, 1638.
(24) Al-Ajlouni, A.; Espenson, J. H.J. Am. Chem. Soc.1995, 117, 9243.
(25) Dave, V.; Warnhoff, E. W.Org. React.1970, 18, 220.

Table 2. Yields of Thioesters Obtained from the Reactions of
Thiols and Ethyl Diazoacetate in Dry Benzene, in the Presence of
MTO

RSH yield (%) RSH yield (%)

EtSH 93 C6H5SH 96
n-PrSH 95 p-MeO-C6H4SH 94
n-C6H13SH 95 p-Cl-C6H4SH 91
sec-C4H9SH 89

Table 3. Yields of Glycine Esters Obtained from the Reactions of
Amines (RNH2, R2NH) and Ethyl Diazoacetate in Dry Benzene in
the Presence of MTO

R yield (%) R yield (%)

n-propyl 87 C6H5 89
n-hexyl 91 p-Me-C6H4 91
tert-butyl 82 p-Cl-C6H4 83
PhCH2 84
PhCH2CH2 85 1-piperidinyl 88

1-pyrrolidinyl 90

Table 4. Yieldsa of Aziridines Obtained from Aryl Imines
(ArCHdNR) and EDA, with MTO as Catalyst

yield (%)

Ar R ) n-hexyl R) n-butyl R) phenyl

C6H5 93 92 87
p-MeO-C6H4 94 94 92
p-NO2-C6H4 92 91
p-Me-C6H4 93 93
2-napthyl 96 96

a Isolated yields after vacuum distillation.

RSH+ N2CHCO2Et98
cat. MTO

RSCH2CO2Et+ N2 (5)

RNH2 + N2CHCO2Et98
cat. MTO

RNHCH2CO2Et+ N2 (6)

Table 5. Yieldsa of Epoxides Obtained from Aldehydes and
Ketones

R1 R2 yield (%)

C6H5 H 79 (52)b

n-propyl H 75
sec-Bu Me 64
C6H5 Me 57
iso-propyl Me 49

a Isolated yields, after vacuum distillation.b The lower yield was
obtained when the EDA was added all at once.
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cyclopropanes3 and4 in a 3:2 ratio. They were characterized
by 1H- and13C-NMR,26 as detailed in the supporting informa-
tion.

Phenyl azideis catalytically decomposed under mild condi-
tions by a trace of MTO in dry benzene (eq 10). The product
is diphenyldiazene (azobenzene), whose13C-NMR spectrum in
CDCl3 (δ 122.69, 128.80, 130.71, and 152.52 ppm) agrees with
the literature.27

Catalytic Formation of Imines. The reactions of aromatic
aldehydes with alkyl and aryl azides produced imines in good
yields (Table 7) when a stoichiometric quantity of triphen-
ylphosphine was added along with a catalytic amount of MTO
(eq 11). These reaction occur even in the absence of MTO,
but more slowly.

Aliphatic imines are very water sensitive. We presume that
was the reason analogous reactions of aliphatic aldehydes did
not succeed.
The Intermediate AC. Further evidence in support of the

mechanistic information was obtained from experiments involv-
ing azibenzil, 5, prepared from benzil monohydrazone by
oxidation with HgO.28 The MTO-catalyzed conversion of5
into benzil proceeded at more than 90% yield;6 was verified
by 1H- and13C-NMR. The reaction occurs in the presence of
an epoxide; in this work styrene oxide and propylene oxide were
used successfully. The epoxide was converted to the olefin
according to the net reaction depicted in eq 12.

Discussion

Decomposition of EDA. When catalyzed by MTO, thecis-
olefin was formed preferentially, like the same reaction catalyzed
by rhodium(II) and rhodium(III) complexes.29 In contrast,
reactions with ceric ammonium nitrate,30 lithium bromide,31 and
copper(II) salts32 yield predominantly the fumarate.
Very few methods have been reported for the catalytic

preparation of aziridines from aromatic imines and EDA.
Metallic copper33 and copper complexes have been reported as
the catalysts.34,35 Except for epoxide formation, the new
reactions with EDA/MTO gave higher yields.
The Proposed Intermediates. A catalytic mechanism by

which MTO activates hydrogen peroxide for the selective
oxidation of an appreciable number of substrates has been
established.12-17,24,36-38 In the course of that research, two
rhenium peroxides, designatedA andB in Scheme 1, have been
identified. The reaction is accomplished by oxygen transfer
from a peroxidic oxygen in these compounds to a substrate with
a nucleophilic center that also can accept an oxygen atom. The
oxygen transfer step recycles the catalyst fromA to MTO and
from B to A.

(26) Reichelt, I.; Reissig, H.-U.Chem. Ber.1983, 116, 3895.
(27) Pouchert, C. J.; Behnke, J.The Aldrich Library of13C and1H FT-

NMR Spectra; Aldrich, 1993.

(28) Nenitzescu, C. D.; Solomonica, E.Organic Syntheses;Wiley: New
York, 1941; Collect. Vol. I, p 496.

(29) Shankar, B. K. R.; Schechter, H.Tetrahedron Lett.1982, 23, 2277.
(30) Trahanovsky, W. S.; Bobins, M. D.; Smick, D.J. Am. Chem. Soc.

1971, 93, 2086.
(31) Nakajima, M.; Anselme, J. P.J. Chem. Soc., Chem. Commun.1980,

1796.
(32) Oshina, T.; Nagai, T.Tetrahedron Lett.1980, 21, 1251.
(33) Baret, P.; Buffet, H.; Pierre, J.-L.Bull. Soc. Chim. Fr.1972, 2493.
(34) Hansen, K. B.; Finney, N. S.Angew. Chem., Int. Ed. Engl.1995,

34, 676.
(35) Rasmussen, K. G.; Jorgensen, K. A.J. Chem. Soc., Chem. Commun.

1995, 1401.
(36) Espenson, J. H.; Pestovsky, O.; Huston, P.; Staudt, S.J. Am. Chem.

Soc.1994, 116, 2869.
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Table 6. Yieldsa of Cyclopropanes Formed from Olefins and Ethyl
Diazoacetate, Catalyzed by MTO

a For isolated product.b EDA was present from the outset, not added
dropwise as in the other reactions.

2PhN398
cat. MTO

Ph-NdN-Ph+ 2N2 (10)

RN3 + ArCHO+ PPh398
cat. MTO

ArCHdN-R+ N2 + Ph3PO (11)

Table 7. Yieldsa of Imines Formed from Organic Azides and Aryl
Aldehydes, Catalyzed by MTO, in the Presence of
Triphenylphosphine

RN3; R)

ArCHO Ph n-Bu n-hexyl

C6H5CHO 91 91 90
p-MeO-C6H4CHO 90 88 91
p-NO2-C6H4CHO 92 87 89
2-naphthylCHO 88 85 86

a Yields refer to isolated product.
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Based on this mechanism and on the analysis of the products
obtained in the EDA/MTO systems, we suggest that similar
intermediates may intervene as well. In particular, we imagine
the participation ofAC. Furthermore, another intermediate,7,
may intervene between MTO andAC. The suggested structures
are shown in Scheme 2.
The Suggested Mechanism. The mechanism of these

transformations remains to be resolved in detail, although we
prefer to explain the reactions by invokingAC rather than by
metal-carbene intermediates. Many known metal carbenes
contain the metal in a low oxidation state, 0-II.39 Some of
these materials are capable of carbene transfer. High-oxidation-
state carbenes are also known,40-43 but none has been reported
to transfer the carbene. We propose that the key steps in the
EDA/MTO system are these. First is the formation of theAC

or AN intermediate. Those substrates that react to form N-C,
S-C, and O-C single bonds (i.e., amines, thiols, and alcohols)
can be thought of doing so by nucleophilic attack at the new
Re-C bond. It is well known that atoms become more
electrophilic upon coordination to a high oxidation-state
metal.39,44,45 Indeed, were there neither these nor other ex-
amples, the conversion of the normally nucleophilic peroxide
ion into an electrophilic center upon coordination to MTO would
provide a convincing illustration. The nucleophilic center (the
heteroatom) of RNH2, RSH, and ROH will attack the carbon
atom ofAC. This will lead to the products found, as shown,
for example, by the amine reaction in eq 13.

The products (slowly) obtained whenAC is allowed to form
in the absence of a substrate can be rationalized on a similar
basis. Attack of the nucleophilic EDA uponAC will afford the
ester products. On the other hand, attack of EDA on7 prior to
loss of N2 will afford the azine, as in Scheme 3.
It is the competition between these reactions, which are

wasteful of EDA, and the desired reaction such as that in

Scheme 2 that accounts for the best yields being obtained when
the EDA is not added all at once. We can also use this scheme
to account for the varying proportions of azine as compared to
maleate (including fumarate) when the concentration of EDA
was varied. The expression for the product ratio can be derived
from the rate ratio, as given in the Appendix. The fit of the
data to the resulting equation is displayed in Figure 1. This fit
gives the ratio of the rate constantsk2/k3 ) (1.89( 0.03) L
mol-1.
Those substrates that contain CdN and CdC double bonds

yield three-membered-ring products; that with the CdO group
we presume does the same, except that the phosphine disrupts
the oxaziridine structure to excise the oxygen atom. In general,
the reaction appears to proceed as shown in Scheme 4.
The first intermediate in Scheme 3,7, represents the product

of a [3 + 2] cycloaddition reaction of EDA to a rhenium-
oxygen double bond. The second intermediate,AC, is formed
by the elimination of molecular nitrogen. Neither has been
isolated to this point. Structure846 represents a tungsten analog
of the first intermediate7. Several compounds (9a-e)47-54 are
stable analogs of the proposed intermediateAC.

Further evidence for the intermediateAC comes from the
MTO-catalyzed decomposition of EDA in the presence of

(39) Doyle, M. P.Chem. ReV. 1986, 86, 919.
(40) Schrock, R. R.; O’Donoghue, M. B.; Davis, W. M.Organometallics

1996, 15, 1334.
(41) Royo, P.; de Castro, I.; Galakhov, M. V.Organometallics1996,

15, 1362.
(42) Schrock, R. R.; LaPointe, A. M.; Davis, W. M.Organometallics

1995, 14, 2699.
(43) Schrock, R. R.Pure Appl. Chem.1995, 66, 1447.
(44) Putala, M.; Lemenovskii, D. A.Russ. Chem. ReV. 1994, 63, 197.
(45) Chaloner, P. A.Handbook of Coordination Catalysis in Organic

Chemistry;Butterworth & Co.: Boston, 1986; Chapter 6.

(46) Herrmann, W. A.; Kriechbaum, G.; Ziegler, M. L.; Wulknitz, P.
Chem. Ber.1981, 114, 276.

(47) Berke, H.; Bankhardt, W.; Huttner, G.; von Seyerl, J.; Zsolnai, L.
Chem. Ber.1981, 114, 2754.

(48) Berke, H.; Huttner, G.; Weiler, G.; Zsolnai, L.J. Organomet. Chem.
1981, 219, 353.

(49) Berke, H.; Birk, R.; Huttner, G.; Zsolnai, L.Z. Naturforsch.1984,
39, 1380.

(50) Ashley-Smith, J.; Green, M.; Stone, F. G. A.J. Chem. Soc. A1969,
3019.

(51) Ashley-Smith, J.; Green, M.; Stone, F. G. A.J. Chem. Soc. A1970,
3161.

(52) Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C.J. Am.
Chem. Soc.1982, 104, 2019.

(53) Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C.J. Am.
Chem. Soc.1985, 107, 2985.

Scheme 1

Scheme 2

(13)

Scheme 3

Scheme 4
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epoxides. This reaction yields the oxalic acid monoethyl ester,
and may occur as follows:

As written, this reaction produces an aldehyde. We have shown
in independent experiments that withcis-stilbene oxide benz-
aldehyde forms the carboxylic acid in an MTO-catalyzed
reaction. For example, the reaction ofcis-stilbene oxide,
benzaldehyde, and MTO (in 20:2:1 ratio with 14 mg of MTO
in 1 mL of CDCl3) gave 90% benzoic acid and stilbene in 20
h.
The reactions of the organic azides may also be explained in

terms of the proposed intermediateAN. Species10 would
presumably be formed from MTO by the analogous process,
and would be subject to nucleophilic attack, leading to the
products observed, Scheme 5.
The conversion of azibenzil to benzil by MTO-catalyzed

oxygen transfer from an epoxide provides further proof for the
suggested intermediateAC, because no metal carbenes have been
reported to react with epoxides to form carbonyl compounds.
Thus we propose a sequence in whichAC′, analogous toAC

from ethyl diazoacetate, is formed first from MTO and azibenzil.
It then reacts further to form benzil and methylrhenium dioxide.
The latter species abstracts oxygen from an epoxide; this is a
known reaction reported in our earlier work.8 The sequence of
steps is diagrammed in Scheme 6.

Experimental Section

Materials. Butyl, hexyl,55 and phenyl56 azides were prepared
according to the literature. [CAUTION: Although we encountered
no difficulties, the potentially explosive nature of organic azides should

be kept in mind.] The methylrhenium trioxide was synthesized from
dirhenium heptoxide and tetramethyl tin in the presence of perfluoro-
glutaric anhydride.2-4 Methylene chloride was first purified57 and stored
under argon in an amber bottle over molecular sieves. Anhydrous
benzene, ethyl diazoacetate, and all of the substrates were purchased
commercially. Their purity was checked by GC-MS.
For these and other previously-known materials, the spectroscopic

parameters and other analytical data are given in the Supporting
Information.
General Procedures: (1)r-Alkoxy Ethyl Esters. The alcohol (54

mmol) and MTO (50 mg, 0.2 mmol) were dissolved in 100 mL of dry
benzene (usually) or methylene chloride in a three-necked round-bottom
flask. Ethyl diazoacetate (50 mmol) was added dropwise at room
temperature. After two days, during which time the reaction was
monitored by GC-MS, the product was recovered by vacuum distilla-
tion. The products were identified by comparison to literature
data.27,58-60

(2) N-Substituted Glycine Ethyl Esters. The first method was the
same as in (1). Alternatively, MTO (0.2 mmol) was dissolved in the
amine (54 mmol) under dry argon in a three-necked round-bottom flask.
The ethyl diazoacetate (50 mmol) was added dropwise at room
temperature; with this method the reactions were complete within 1 h,
it being much faster here where no solvent diluent was used. The
products were identified, in comparison with literature data.21,27,58,59,61,62

(3) r-Thio Ethyl Esters. The first method under (1) was used,
except that the reaction was allowed to proceed for 3 days before
isolation of the product by vacuum distillation. Alternatively, the MTO
(0.2 mmol) was dissolved in the thiol (54 mmol) under dry argon in a
three-necked round-bottom flask. The EDA (50 mmol) was added
dropwise with vigorous stirring; this highly exothermic (caution!)
reaction was complete within a few minutes. This procedure can
equally well be carried out in the reverse order: the thiol may be added
dropwise into a solution of MTO in EDA. The products were identified
by comparison with data in the literature.27,59,63-65

(4) Aziridines. The imine (35 mmol, prepared as in (7)) and MTO
(250 mg, 1 mmol) were dissolved in 100 mL of dry benzene in a three-
necked round-bottom flask fitted with a water-cooled condenser, flushed
with dry argon or nitrogen for ca. 10 min, and maintained at ca. 60°C.
Ethyl diazoacetate (30 mmol) was added dropwise with stirring. After
the addition was complete, stirring was continued another 4-6 h, during
which time the reaction was monitored by GC-MS. Finally, the mixture
was cooled to room temperature and the solvent removed under vacuum.
The aziridines were isolated by vacuum distillation and purified on a
silica gel column from which they were eluted with benzene.
The products were identified by spectroscopic and microanalytical

data,30,64-66 as presented in the supporting information.
(5) Epoxides. MTO (50 mg, 0.2 mmol) was dissolved in 20 mL of

the aldehyde or ketone. The flask was sealed with a rubber stopper,
and the solution brought to 50-60 °C. Ethyl diazoacetate (5 mL, 48
mmol) was added dropwise while the pressure was relieved occasion-
ally. After 3 days, during which time the reaction was monitored with
GC-MS, the product was isolated by vacuum distillation. The products
were identified spectroscopically in comparison with data from the
literature.66-71

(54) Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C.Orga-
nometallics1986, 5.

(55) Boyer, J. H.; Hamer, J.J. Am. Chem. Soc.1955, 77, 950.
(56) Smith, P. A. S.; Brown, B. B.J. Am. Chem. Soc.1951, 73, 2438.

(57) Perrin, D. D.; Armarego, W. L. F.Purification of Laboratory
Chemicals, 3rd ed.; Butterworth-Heinemann: Oxford, 1988.

(58) Bryson, A.; Davies, N. R.; Serjeant, E. P.J. Am. Chem. Soc.1963,
85, 1933.

(59) NIST MS Library from Magnum; Finnegan MAT: San Jose, CA,
1990.

(60) Kadentsev, V. I.; Chizhov, O. S.; Yanovskaya, L. A.; Kucherov,
V. F. IsV 1971, 10, 2207.

(61) Munshi, A. A.; Trivedi, J. P.J. Ind. Chem. Soc.1966, 43, 277.
(62) Lemont, B. K.; Dhawan, D.J. Pharm. Sci.1962, 51, 1058.
(63) Chauveau, A.; Mathis-Noel, R.Ann. Fac. Sci. UniV. Toulouse Sci.

Math. Sci. Phys.1963, 25, 147.
(64) Coti, L.Boll. Chim. Farm.1967, 106, 47.
(65) Uyeda, Y.; Reid, E. E.J. Am. Chem. Soc.1920, 42, 2388.
(66) Vandenbroucke, W.; Anteunis, M.; DeBruyn, A.Bull. Soc. Chim.

Belg.1969, 78, 229.
(67) Roux-Schmitt, M. C.; Seyden-Penne, J.Tetrahedron1972, 28, 4695.
(68) Valente, V. R.; Wolfhagen, J. L.J. Org. Chem.1966, 31, 3509.
(69) Johnson, W. S.; Belew, J.; Chinn, L.; Hunt, R.J. Am. Chem. Soc.

1953, 75, 4995.
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(6) Cyclopropanes. The method was the same as that used for the
epoxides, and the products (see the supporting information) were
similarly identified.72-75 Some of these substrates (e.g., styrene), but
not all (e.g.,R-methylstyrene), led to small yields of compounds
believed from MS and NMR data to be 1-pyrazolines. Styrene, for
example, forms two isomers in a total yield of 14% (trans:cis∼3.8:1);
these products decrease on standing (2% after 3 days), as more
cyclopropane is formed.
(7) Imines. The aryl aldehyde (30 mmol), triphenylphosphine (31

mmol), and MTO (1 mmol) were dissolved in 100 mL of dry benzene.
The solution was flushed with dry argon or nitrogen for ca. 10 min at
room temperature, then the organic azide (30 mmol) was added
dropwise with stirring. After an additional 2 h of stirring, the solvent
was removed by rotary evaporation. The imines were obtained by
vacuum distillation or by recrystallization from ethanol.
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Appendix. Derivation of the kinetic expression for Scheme
3. LetA ) [azine] andM ) [olefin (mostly diethyl maleate)],
a) [EDA]0, E) [EDA] t, andκ ) k2/k3. The ratio of the rates

at which the azine and the maleate are formed is

This is a first-order differential equation that can be solved by
multiplying each side by the integrating factor, exp(2κM);
integration between the limits 0 and∞ then gives:

Substitution ofA∞ + M∞ ) a/2 and rearrangement affords

From this we find

which is the form used to fitA∞ as a function ofa ()[EDA]0),
as shown in Figure 1.

Supporting Information Available: The spectroscopic data
for the products, including microanalytical data for the new
compounds (15 pages). See any current masthead page for
ordering and Internet access instructions.
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