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Methyltrioxorhenium activates hydrogen peroxide by an elec-
trophilic mechanism, transferring a single oxygen atom to many
substrates without the intervention of free-radical intermedi-
ates. The reactions proceed without by-products, unlike those of
most chemical (stoichiometric) oxidizing agents. In separate
chemistry, the rhenium catalyst brings about the transfer of
oxygen atoms between a pair of closed-shell molecules.

Introduction

Thisreview focuses on the catalytic chemistry of the compound
methyltrioxorhenium, CH3ReOs, abbreviated as MTO. With
but eight atoms, the small MTO molecule functions as a
versatile catalyst for a considerable breadth of reactions. The
essence of its chemistry is the transfer of an oxygen atom from
one species to another. The oxygen source is often hydrogen
peroxide; molecular oxygen is not activated. Oxygen transfer
between two other substrates, asin X + YO — XO + Y, isa
separate process catalyzed by MTO.

Our research has been directed toward two aspects of the
catalytic chemistry: gaining an understanding of the mecha-
nisms by which different MTO reactions occur and using that
understanding to predict and carry out other useful transforma-
tions. These two outlooks reinforce one another. The solubility
of MTO in agueous and most organic media adds to its
versatility; the solvent can be chosen to meet requirements of
the substrates, to facilitate product isolation, to enable kinetics

James Espenson was born in Los Angeles, California and
attended school there and in its environs. He entered the
California Institute of Technology, obtaining his B.S. degreein
1958. He enrolled for graduate study in the University of
Wisconsin and wrote his PhD thesis under the supervision of
Edward L. King in 1962. Following that he was a postdoctoral
associate at Stanford University with Henry Taube during
1962—63. He was appointed Instructor of Chemistry at lowa
Sate University in 1963 and jointly Assistant Chemist at the
Ames Laboratory of the (then) US Atomic Energy Commission.
Promotions followed in due course: to Assistant Professor
(1965), Associate Professor (1967), Professor (1971). He was
named Distinguished Professor in 1988, and continues to hold
a joint appointment at the Ames Laboratory, where he is
Program Director.

Espenson has been named the John A. Wilkinson teaching
award winner, Fellow of the Alfred P. Soan foundation, Fellow
of the Japan Society for the Promotion of Science, and Fellow
of the American Association of the Advancement of Science. He
isthe author of more than 300 research publications and of the
book Chemical Kinetics and Reaction Mechanisms (2nd edn.,
1995).

studies, or as a matter of convenience. MTO is air-stable also,
which enhances its general usefulness in catalytic systems; on
the other hand, with but rare exception it does not catalyze
autoxidation reactions.

The MTO moleculeisisoelectronic and isostructural with the
dangerously explosive permanganic acid, HMnO4. MTO is
rather more like perrhenic acid, HReO, or HO-ReOs3, in that
both are quite mild oxidants. Indeed, with one known exception,
the catalytic chemistry of MTO does not involve its redox
reactivity; the rhenium atom remainsin oxidation state VII. An
exception, to be dedt with in due course, involves the
intermediacy of the rhenium(v) compound CH3ReO,-L,, with L
= solvent or incidental ligand. Let us note at the outset that the
methyl group of MTO, or an aspect it confers on the system, is
somehow essential. The isoelectronic perrhenic acid does not
catalyze the reactions presented here, likely because ReO4— is
anionic.

Thisreview dividesthe reactions of MTO and its derivatives
into these groups: (1) interactions with hydrogen peroxide, (2)
O-atom transfer from hydrogen peroxide, leading to ssmple and
complex transformations, (3) reactions proceeding by C-H
activation, (4) non-oxidative rearrangement and coupling
reactions, (5) the use of bromide ions as a co-catalyst, and (6)
extensions to some nitrene and carbene chemistry.

The MTO catalyst

MTO remains the premier member of a now-sizable family of
compounds R—ReOj3 in which the organic group R may be alkyl,
vinyl, aralkyl, alyl, alkynyl, or cyclopentadienyl. MTO shows
the greatest thermal stability (Tgec > 300 °C) of any member of
the series, aside perhaps from (1n5-CsMes)ReOg, a cataytically-
inactive compound with an 18e electronic configuration. The
preparative aspects and the structural chemistry of MTO and
numerous derivatives have been thoroughly reviewed recently,*
and thus need be dealt with only cursorily here. MTO has the
expected -Ty structure of a four-coordinate compound of a d®
metal center.2 Coordination compounds, such as MTO-L and
MTO-L,, where L isan anionic or uncharged Lewis base, have
been characterized.35 They have five- and six-coordinate
structures. MTO-igand systems are highly labile, and the 1H
NMR signals for the methyl protons of MTO and MTO-L
coalesce to a singlet owing to the lability of the system on the
NMR timescale. At 298 K in acetonitrile, the first binding
constant of pyridine to MTO is 200 L mol—1 whereas that
of the better donor 4-picoline is 730 L mol—1 and that of the
sterically encumbered 2,6-di-tert-butyl-4-methylpyridineis <1
L mol—1.6 Under the conditions studied, binding of a second
pyridine in solution was not detected.

MTO is not prone to decomposition in solvents containing
water by pathways involving acid. If this appears remarkable,
then it is useful to recall that this feature is common to many
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other methyl-metal compounds and ions. Solutions of HgCH3*,
TICH32*, CHzAUOH,2+, to cite a few heavy metal derivatives,
are stable toward strong acid.” Certain methylated first-row
metals are also stable in strongly acidic solutions, such as
CH3Co(dmgH),-L and itsrelatives, including methylcobalamin.
This aspect suggests, correctly, that MTO might be stabilized
during catalytic turnovers by the addition of acid in semi-
aqueous and aqueous media, and by the use of aprotic solvents
in other instances. It is rarely useful to insist upon dry solvents
for MTO-catalyzed reactions, especially since the family of
reactions for which MTO is most often used, activation of
hydrogen peroxide, forms water as a stoichiometric product.

Per oxor henium compounds—structure,
equilibrium, kinetics

Key to the activation of hydrogen peroxideisitsinteraction with
MTO, yielding an equilibrium mixture of two peroxorhenium
compounds, denoted A and B, both n2-peroxo complexes of
rhenium(vir). The existence of the n2-peroxo groups comes as
no surprise. Thisisthe prevalent mode of coordination between
peroxide and many d°-metal centers.8 The structural formulas of
A and B are shown in Scheme 1.

ﬁ kK H20, ﬁ ko HoOn o] ﬁ
1 Hz o 2 Hy o]
Reso SR =Rl
CHy” N\ < 0 | o
[o] k_| Hgo CH3 k-2 CH3
OH,
MTO A B

Scheme 1

The structure of the diperoxo complex B has been determined
crystallographically. Rhenium adoptsthe structure of a pentago-
nal bipyramid, with axial oxo (167 pm) and agqua (225 pm)
groups. In the equatorial positions are the methyl group (213
pm) and the four peroxo oxygens (191 pm).° The water
moleculeisalso coordinated to B in solution; itstH signal can be
seen below —55 °Cin dg-THF.9:10 No such signal wasfound for
A, however, implying the absence of a coordinated water
molecule or its exceptional lability.10

Both A and B have been detected by their methyl resonances
inthe 1H and 13C NMR spectra, and by their optical signals. Of
these, the easier to locate is B, since it more readily builds to
appreciable concentrations. The binding of peroxide to rhenium
is cooperative, aswill be explained two paragraphs hence. Asa
consequence, except for particular concentrations of hydrogen
peroxide, A does not rise to levels comparabl e to those of MTO
and B at equilibrium, although the NMR and optical signals of
A can easily be seen if the peroxide concentration is not so high
asto favor B exclusively. Because the reactions between MTO
and hydrogen peroxide are equilibrium processes, it is not
permitted to evaluate properties of B, such as its absorption
spectrum, by dissolving the isolated solid. Certain erroneous
values, such as absorption coefficients, have been reported as a
result. Partial dissociation of B will occur, depending on the
concentration of total rhenium and peroxide. Instead, one must
obtain the spectrum of B by determinations in solutions
containing some excess of peroxide, or by extrapolation from
the least-squares fitting of the mathematical expression relating
absorbance and the individual molar absorptivities:

Absorbance  eyro + €4 Kq[H,0,] + €5 K K,[H,0,]?
b[Rel 1+ Ky[H,0,]+ K, K,[H,0,]?

That is not to say that the equilibria in Scheme 1 are
instantaneously established. In fact, the four rate constants
defined therein have been evaluated under different conditions
of solvent and temperature. One such experiment showing time-
resolved spectral changes accompanying this reaction is shown
on the cover.11

E:
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These steps play an important role in governing the rate of
catalytic turnovers. Table 1 summarizes the values of the

Table 1 Equilibrium and rate constants at 298 K for the formation of the
peroxorhenium compounds A and B in aqueous solution and in acetonitrile
containing 2.6% water

K ke/L mol—1s-1 k/s—1

Step 1 16.1 (aq.) 80 (aqg.) 10 (aq.)
209 (AN) 0.81 (AN) 3.9 x 10-3 (AN)
261 (MeOH)

Step 2 132 (aqg.) 52 (aq.) 4 x 102 (ag.)
660 (AN) 45 x 10-2 (AN) 6.8 X 10-5 (AN)

814 (MeOH)

equilibrium and rate constants for the two reaction steps in
aqueous solution2 and in acetonitrile, and Table 2 presents the
molar absorptivities and chemical shifts of compounds A and
B_13

Table 2 Valuesof molar absorptivitiesand chemical shiftsfor MTO, A, and
B

NMR: &
Compound  Amax (l0g €) 1H 13C
MTO 206 (3.78) 2.1d 19.09
228 (3.56)ab
A 320 (2.85)c 2.4d
B 360 (3.08)c 2.7d 31f

a In agueous solution. b Ref 55. ¢ In CH3CN. d In THF; Ref 13. e In
CDCl3 at 28 °C; Ref 56. f In DO at 20 °C; Ref 9.

The unusual features of the datain Table 1 are these: (1) the
second peroxide has alarger binding constant than the first, that
isto say, they show cooperativity; (2) the step with the greater
driving force is the slower. Both of these trends also hold in
other solvents. Cooperativity is perhaps the consequence of an
increasing Re-O bond order as the number of oxo groups
decreases; B is favored as a consequence. The slowness of the
second hinding step compared to the first may reflect both the
increased crowding of the coordination positions and the
decreased electrophilic character of rhenium once the first
peroxide has been added. In organic solvents the binding
constants are generaly larger than in water, and the rate
constants smaller; indeed, the step represented by k; often poses
asignificant kinetic barrier to product formation by the path in
which B is the intermediate.

Activation parameters have been reported for the first step.
The values in agueous solution for k; are: AH:¥ = 245
kJmol—1, AS* = —212 J K-1 mol-1, AV;¥ = —106
cm? mol—1.14 These values have been interpreted according to
Scheme 2.
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Exchange of oxygen atoms between water and hydrogen
peroxide is forbiddingly slow.1s> The same is true for peroxo-
rhenium complexes: the oxo and peroxo oxygens remain
distinct. Oxygen atoms are, however, rapidly exchanged
between MTO and water. At first this seems anomalous, in that
the Re=O bonds are short and robust. However a process
analogous to that just shown for peroxide easily provides a
pathway for facile exchange (Scheme 3).

These reactions are the prelude to the activation of H,O, by
MTO. In al of this, there is no indication that organic
hydroperoxides associate with MTO or are activated by it.
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Evidently the formation of the n!-O,2— structure is crucial.
Over very long times, MTO does decompose in the presence of
alkyl hydroperoxides, such as BuUOOH and AmtOOH. These
reactions occur by radical pathways involving RO* and ROO*
intermediates, among others.16 They stand alone as exampl es of
single-electron reactivity of MTO.

Catalyst deactivation

The decomposition of MTO isstrongly accelerated by increases
in the concentration of hydroxide ions. Even in strongly acidic
media, pH < 3, the rate law shows a pH-dependence that
implicatesafirst-order kinetic dependence on [OH—].17 Thefull
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Fig. 1 The pH—rate profile for the decomposition of MTO with numerical
valuesreferring to 298 K. Thereaction is strongly base-catalyzed, with two

plateaus corresponding to the stepwise acid ionization of MTO,.

rate—pH profile, shown in Fig. 1, is consistent with this net
reaction showing the evolution of methane:

CH3ReOs + H,O = CH4 + ReO4— + HF

The two plateaus seen in the pH profile correspond to the
successive acid ionization reactions of MTOg,, corresponding
to CH3ReO3(OH)- and CH3ReOs(OH),2~. The respective
equilibrium constants, expressed as pK, values, liein the ranges
6.7—7.5and 11.7-11.9 at 298 K.10.17.18 The rate equation for the
reactionat pH < =6isv = KKMTO][OH-], withk = 8.6 X 102
L mol-1s-1at 298 K (AH¥ = 15.9 kd mol—1).17

These reactions are slow enough that they tend not to cause
difficulty in catalysis, athough their instability toward base
generaly precludes the use of an alkaline medium. As will be
shown, the decomposition of MTO in the presence of hydrogen
peroxide occurs more rapidly and usually comprises the greater
problem. Irreversible decomposition of MTO in peroxide-
containing solutions forms methanol primarily, according to
these net reactions;10

CH3ReO3 + H,O, = CH3;0H + ReO,~ + H+
The rate law can be written
d[ReO, ] _ | [CH3ReO;][H,0,]
dt [H']

from which one infers that the reaction can be represented by
any of these bimolecular partners: A + OH— (kxgg = 3.1 X 10°
L mol-1 ?1), CH3R€O3 + HO,— (kzgg = 20 x 108
L mol—1 s-1), or, improbably, CHzReO3(OH)— + H,O,. The
first two are in principle resolvable by isotopic labeling, but
oxygen exchange between H,O and ReO4— occurs too rapidly
to permit a definitive experiment. 19 Because HO,— is a more
potent nucleophile than OH-, it seemslikely that their reactions
with MTO are analogous. We therefore describe the reaction as
shown below.

o, {1 oon
nﬂ\ +HOO™ —-| "Re —— CHzOH + ReO 4
CHy” 50 o~ CH;

Concurrently, oxygen is evolved as a consegquence of the
MTO-catalyzed decomposition of hydrogen peroxide (2H,0,
— 2H,0 + Oy), which we infer takes place from B:10.13

CHgRe(O)(’I’]Z'Oz)Z — CH3R€O3 + 02

Photochemical deactivation

Irradiation of B by light filtered so asto allow only A > 400 nm,
to prevent direct photolysis of hydrogen peroxideitself, leadsto
the slow fading of its yellow color. In acetonitrile this process
gives a quantitative yield of perrhenic acid and principally
methyl hydroperoxide.13 The main photoreaction is:

CH3Re(0)(n? - O,), + H,0—™ 5 Re0,” + CH,00H + H*

A small concentration of methanol was formed as well; the
higher the concentration of hydrogen peroxide, the lower the
yield of methanol. In methylene chloride and THF at higher
energies, with monochromatic light between 365 and 248 nm,
30, was formed.2® The conclusion was reached that the
coupling of initially formed oxygen atoms, 30, was responsi-
ble.

Peroxide activation by MTO: reaction kinetics

Hydrogen peroxide will oxidize certain electron-rich substrates,
but the reactions are generaly rather slow without the MTO
catalyst. In a few cases both the uncatalyzed and the MTO-
catalyzed rate constants have been determined. The catalytic
enhancements for MTO often amount to a factor of 105-106.
Many other substrates, ones that seem not to react with
hydrogen peroxide, do so quite successfully once MTO has
been added. In this section certain aspects of the chemica
kinetics will be presented, and the subject of the chemica
mechanisms will be taken up in the next section.

Thereaction schemeis simply described: A and B separately
react with substrate X, converting it to the product XO. In so
doing, A is converted to MTO and B to A. The respective rate
constants are designated ks for A and k4 for B. These steps
couple with those in Scheme 1, which enter as kinetic or
sometimes equilibrium reactions depending on the various
values pertaining to a given substrate and solvent, and to the
concentrations employed. The analysis of the kinetic data has
many features in common with that for enzyme-catalyzed
reactions and the Michaelis-Menten formalism. This approx-
imation has been termed the ‘improved steady-state’ method.2t
To illustrate the difference between it and the ordinary steady-
state treatment, we show a simple case, the conversion of
starting material S to product P via intermediate 1. The
expressions for the reaction rates are:

Reaction Scheme Steady-state
ke ko diP] _ kiko[Y
D —d V==——=
s P dt Kotk

Improved steady-state

_dP_ kik[Y
dt K+ ky + K[

The improved steady-state mathematics affords the ad-
vantage that the intermediate need not be maintained at a small
fraction of the concentration of S, asit must in the ssformalism.
That E-S may attain a concentration comparable to E is a vital
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feature of the Michaelis-Menten equation in that it provides a
model to account for the experimentally observed phenomenon
that thereaction ratesriseinitially with [S] and then tend toward
aplateau. This effect, known as saturation kinetics, is not found
in the ss analysis.22

For MTO it is also not valid to adopt the ss model in that it
would require that [A] and [B] aways << [MTO]. The
improved ss treatment gives this result:

kikoka[ReE][X][H,0,]?
_dX] Ka[ X+ K

dt kko[H,0,1*
Ky + kg[X] + ky[H,0,] + KIXTHk,

kiks[Re]+[H,0,][X] +

This eguation appears to be more formidable than it redly is.
With the rate constants k, k_1, ks, and k_, known from studies
of the MTO-H,0, reactions in the absence of substrate, only ks
and k4 remain as unknowns.

Under certain conditionsthisform simplifies. The parameters
involved may be ones the experimenter can control to some
extent, such as concentrations, but the parameter list also
includes rate constants that will, of course, differ relatively
among substrates, often by alarge amount. Thus the conditions
needed for simplification need to be scrutinized individually for
different substrates and concentration ranges. Two of the useful
simplifications are these:

(a) at the relatively low concentrations of hydrogen peroxide,
such that B is not significant,
_dIX] _ kikg[Re][H,0,][X]

dt K 3+ Ks[X] + k[H,0,]

This form has been useful at times mostly because A and B
usually (but not always) are quite comparable in their reactivity
(i.e., ks and k4 are of the same magnitude, as illustrated |ater).
(b) a quite high peroxide concentrations, where B is the only
significant form,

_dIX] _
a - ?

This approach has proved useful when the parameters permit its
application. One test, but not the only one, is that the reaction
rates are peroxide-independent when this form applies.

This is an outline of the kinetics analysis. The reader is
referred to the referenced publicationsfor further detail .23 In the
balance of this review, rate constants will be given without
further explanation as to their origin.

[X][Re]

Peroxide activation by MTO: isotopic tracer

Isotopic labeling was carried out to define the source of the
oxygen atom transferred to the substrate. It consisted of the use
of MTO and water labeled with oxygen-18 (recall that this pair
rapidly exchanges) and hydrogen peroxide labeled with oxy-
gen-16. GC-M S determinations showed that only PhS(160)Me
was formed, implying that the catalytic reaction transfers a
peroxo oxygen to the substrate. As A (shown here) or B reacts,
we have Scheme 4.

Ph
180160.--8\
A /| Me
BOF 80
CHy

!

CH3Re('®0)('80), + MeS('®0)Ph
Scheme 4

P Me +A —

Asthe cyclerepeats, CH3zRe(160)(180), continuesto revert to
CH3Re(180)3 by exchange with water. The repeated recycling
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with H,16160, generates A and B with 16.160,2- groups that
then transfer oxygen-16. The necessary control experiments
were carried out to verify that this was a valid experiment.23

Peroxide activation by MTO: reactivity of
different substrates

In order to present and discuss the structure—reactivity relation-
ships, it is desirable first to examine the relative magnitudes of
ks and k4. Values of these rate constants for selected substrates
are presented in Table 3. These are by no means all of the data,

Table 3 Comparisons of the rate constants ks for A and k4 for B in their
reactions with different substrates

Substrate ks/L mol-1s-1a ka/kz 2 Ref.
PhSMe 2.65 x 103 0.36 23
Ph,S 1.18 x 102 0.27 23
PPh; 7.3 x 105 3.0 57
P(CoFs)3 1.30 x 108 27 57
trans-PhCH=CHOMe 14.2 0.90 24
trans-PhCH=CHMe 0.51 0.43 24
Cl— 5.6 x 10—2 2.3 12
Br— 3.5 x 102 0.49 42
HO (o]

0.19 0.58 58

S

102 21 59

ks =0 >>1 28

Ho></ K = 7.6 x 10-3

a The solvent is 1: 1 acetonitrile-water at pH 1 except for the halide ions
in agueous solution at pH 0 and the allylic alcohol where 4: 1 acetonitrile—
water was used.

but they are representative of the substrates. Save for the special
case of the alylic acohol to which we return in a later section,
the numerical values presented make the case quite emphat-
ically: ks and k4 are of the same magnitude. Sometimes the one
isalittle larger, sometimes the other. A factor of threein either
direction encompasses al of the variations. The similarity of the
values for a given substrate is particularly striking in that the
rate constants themselves span a factor of 108. The proof we
have advanced for the comparable reactivity has been verified
repeatedly; it rests on the quantitative interpretation of the
kinetic effects of the concentrations of hydrogen peroxide and
substrate. This demonstration has included epoxidation reac-
tions.24 This method has been commented on and accepted by
others.25 Despitethis, certain statements and diagrams persist in
identifying A as inactive and B as the only active form of the
catalyst; see, for example, Fig. 1 in a 1996 reference.20

Theinductive effect of substituents within afamily of related
substrates allows one to probe the electron demand in the
transition state. Several such results are summarized in Table 4.
In every case, the rate increases with electron-donating
substituents on an aryl group and vice versa. These effects are
regular, but mild. The four reactionsin the series have Hammett
reaction constants in the range —0.63 to —1.19. Each of them
displays the trend that electron-donating substituents increase
therate of reaction with A, and vice versa. In keeping with that,
it is instructive to examine the kinetic effects of substituting
methy| groups on the double bond of aliphatic akenes. Table 5
presents a subset of the data, which clearly show that the more
akyl groups on the double bond, the greater the reaction rate.
Because of the substituent effects, and supported by the isotopic
labeling, we propose atransition state for this reaction in which
the nucleophilic reagent X (including electron-rich akenes)
attacks a peroxo-oxygen of the rhenium catalyst.



Table 4 Effect of substituents on the aryl group of different substrates on t

he relative rate constants (ka/ksy) for the reactions with A

Substituent: 4-MeO  4-Me 3-Me H 4-F 4-Cl 4-Br 4-CF5 4-NHz*  4-NO,
o. —0.27 —-0.17 —0.069 O 0.06 0.23 0.23 0.54 0.73 0.78
Substrate
ArNMe, 1.33 1.002 0.69 0.47 0.10
ArSMe 1.6 1.00 P 0.61 0.22
ArsP 1.29 1.00¢ 0.66 0.47
ArCH=CH, 5.45 1.59 1.09 1.00d

a Relative to kgy = 18.4 L mol-1 s—1 a 25.0 °C in methanol; p = —1.19.60 b Relative to kgy = 2.65 X 103 L mol—1 s—1in 1:1 acetonitrile-water at

pH 1and 25.0 °C; p = —0.98.23 ¢ Relativeto kgy = 7.3 X 105L mol—1s-

= 11X 101L mol-1s-1in1:1 acetonitrile-water at pH 1 and 25.0 °C;

1in 1:1 acetonitrile-water at pH 1 and 25.0 °C; p = —0.63.57 d Relative to kay
p = —0.93.24

Table 5 Kinetic effects on ky/L mol—1 s—1 at 298 K in two solvents for
epoxidation reactions arising from the substitution of alkyl groups on the
double bond.6t

Structural formula No. Alkyl MeOD CH3CN-H,0
groups
NS 1 0.013 0.098
P

e 2 0.048 025

Y\/ 3 0.26 3.92
A

4 1.33 8.93

In keeping with those results, it is instructive to examine the
ks valuesthemselvesfor different types of nucleophilic reagents
X. The most reactive group are the phosphines, the least the
alkenes. A display of thesevaluesispresentedin Fig. 2. Therate
constants span eight orders of magnitude, roughly 106-10-2 L
mol—1 s—1. An inspection of the entries in this figure confirm
that thisis a genera trend.

A further manifestation of these effects is seen in a different
variation of the substituent effects. Substitution of electronega
tive substituentsinto the molecule greatly reducesits reactivity.
For example, compare these rate constants.23

Was
CHs
\
@E >—S‘CH3
N
H

When successive oxidation steps are found, as with this
conversion: RS — R,SO — R,SO, for which the successive
rate constants are in an approximate 35:1 ratio.?6 Likewise,
once a 1,3-diene has been converted to the epoxide (preferen-
tialy, at the more alkylated double bond) thereislittle tendency
to form the di-epoxide.

From these various approaches, it is possible to argue that the
role of MTO is to polarize the normally nucleophilic peroxide
anion to the extent that it can itself be attacked by nucleophiles.
Other high-valent metal complexes from such elements as
Mo(vr), W(v1), Os(vim), Cr(vi), and V(v), often oxo species
themselves and possessed of a d° electron configuration, can
activate peroxide by a similar mechanism.2?

This brings us to the rather special case of alylic acohals,
represented by the last entry to Table 3. A comparison of these
rate constants at first suggests the same effect, save that the
electronegative hydroxy group gives rise to aremarkably small
kinetic deceleration by comparison with other examples. But
the alylic alcohols constitute the seemingly unique instance

k3=2.65x 103

L mol-1 51

k3 =4x10°1
L mol-! s-1

10°
6 Ph P . |
:g 10° L 3 \8 (en) CIS(CH ) NH.** |
R i Et S 1
sn 10% PTo
2 _-PhSMe 1
o) (en),CrS(OXCH)) R &
~— B _ Br 1
107} CTP 20 b s
@ Et NOHZ > 1
— _-PhNMe,
— - ~-8 PhNH 7]
e 10 g7 7
S i 08 - |
-~
~n [ =>/=\8/cr .
Laa
102} o ]
10°*

Fig. 2 A display of selected compounds showing the value of each rate
constant ks at 298 K. Note that the reactivity spans a factor of = 108; note
that the axis has a logarithmic scale.

(see Table 3) in which ks is negligible compared with ki,
implying a special mechanism open only to catalyst B.28

—vL

We suggest that these findings manifest the overriding
importance of hydrogen bonding in this transition state, a point
of view reinforced by data on stereoselectivity in the same
system.28b We have concluded that the transition state features
hydrogen bonding to a different peroxo group than that
transferring the oxygen atom. This transition state is depicted
below, along with one reaction showing that diasteroselectivity
can consequently be realized with alyl acohols.

k3 =8.7x1073 OH kg4 =76x103

L mol-! 57! L mol-L 5!

CHe\j _Q OH OH OH
—R¢’ H H
07" =0 MTOMH,0, A
el : — "o+ o
\C’:’ Y I-ll CHCl3 o
PG T
Cw(-0 >95%
| A

Peroxide activation by MTO: comparisons to
dimethyldioxirane ><9
O

Aside from the obvious structural analogy between A, B, and
DMDO, the similarities in reactivity are notable. To cite just a
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few points, DMDO reacts stoichiometrically with many of the
same substrates that A and B do, such as N,N-dimethylani-
lines,2° alkenes,30.31 and thioethers.32 Beyond that, the correla-
tion between the rate constant k, for B and that for DMDO is
striking. Fig. 3 presents on alog- og scale the one set of values
against another. The slopes of these lines are 0.84 for aiphatic
alkenes and 1.18 for styrenes. Were it not for this, no reason
would arise to question the previously given explanation that
catalysis by MTO arises from the ability of Re(vii) to polarize
the coordinated peroxide anion. But surely the saturated carbon
center of DMDO isincapable of activating its peroxide group in
the same fashion. The remarkable correlations between the
MTO and DMDO reactions require that attributes common to
both reagents be sought. Features such as bond and angle strain
are, qualitatively, common to both groups of peroxides. The
final accounting for the electronic structures remains to be
made, and speculation at this point is unnecessary.

T T T

r Alkenes

O/(?/ztyrenes

-2 -1 0 1
log10 k(DMDO)

Fig. 3 The rate constants for the epoxidation of styrenes and of aliphatic
alkenes by two reagents, dimethyldioxirane and the diperoxorhenium
complex B, are shown as alinear free-energy correlation. The slopes of the
linesare 1.18 (R = 0.982) and 0.84 (R = 0.987).

Peroxide activation by MTO: stabilization of
epoxides

Some of the reactions that can follow epoxide formation are
deleterious, the most notorious of which is loss of epoxides to
acid-catalyzed ring-opening. Generally, but not universally, this
is considered an undesirable event. The addition of acid to the
solutions, in an effort to stabilize the catalyst, is not allowed.
The acidity of the water molecule coordinated to B, which has
been givenaspKa = 3.8,° providesabuilt-in method for loss of
the epoxide. If one attempts to circumvent this effect by the use
of aBrgnsted base or a buffer, then the inherent base-sensitivity
of B (especialy) immediately prevails, and the catalytic
reaction ceases.1017.18 A | ewis base such as pyridine servesto
stabilize the catalyst against decomposition at the same time
eliminating the acidity of the medium and thus preserving the
epoxide.33:34 Representative val ues of the equilibrium constants
(L mol—1) at 298 K for binding Lewis bases to MTO are as
shown here for nitrogen bases in acetonitrile? and for the
phosphorus derivatives in benzene.35

(p-Tol)sP 20
3-NCCsH4N 7.2
(p-Tol)sPO 5.3 x 10t
CsHsN 2.0 x 102
CsHsNO 2.1 x 102
4-MeCsH4N 7.3 x 102

Coordination of a Lewis base to MTO evidently prevents its
being attacked by HOO-, which is the most serious pathway for
its loss. 10 The coordination is not so tight, however, as to
preclude the necessary formation of the peroxorhenium com-
pounds. A further helpful effect of the Lewisbasg, if itisaso a
Bransted base, isto accelerate the conversion of MTO to A and
to B, which greatly reduces the time the system needs to
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maintain its integrity. If the epoxide-stabilizing reagent is, for
example, apyridine, then it will be oxidized concomitantly. For
example, for «-methyl styrene in acetonitrile at 296 K, the
competing reaction rates are; ©

ViPYNO = KIMTO]o[Pylo k=042+001L mol-ts1
ViEPox = KIMTO]o[-MeSty]o k = 0.22 + 0.04 L mol-1s-1

The development of methods to prevent catalyst deactivation
continues to be an active area, owing to the importance of
transforming alkenesto epoxides, and the last work still remains
incomplete.

Peroxide activation by MTO: reactions with steps
subsequent to O-atom addition

Certain other reactionsthat follow oxygen-atom transfer from A
or B to the substrate are an inherent part of the process. Here are
some examples:

Secondary hydroxylamines yield an intermediate that is
converted to the final nitrone product in a rapid elimination
reaction following the first step:

R\=N*/O-

_N-OH = | "N, 2
R R — OH | _N*’/_R
_.R./_ “o-

4-Hydroxyalkenes, following epoxide formation undergo
cyclization to form substituted tetrahydrofurans; 36 with related
molecules the cyclization rates are seen to fal in the expected
order favoring these ring sizes5>>6>3>7>8:37

H cat. MTO %]
:\} +H202
H o

d,y-Unsaturated hydroxycarboxlyic acids, again following
epoxidation, yield hydroxy lactones:38

H cat. MTO | & HO
2\}0 +Hz02 A\_)co

H (0]
(o] +H20

Silyl enol ethers provide a convenient an efficient route to «-
hydroxy ketones by way of an epoxide; the product yields are
generally =95%:39

Me 3Si0 Me 3Si0 o H,0 o OH
cat. MTO 3 3
[SLEgAN R —— — Rt R —R! R
H20
R2 2 R2 R2

Particularly useful is the MTO-catalyzed oxidation of N,N-
dimethylhydrazones derived from aldehydes which produces
nitriles in >90% yield.4% This reaction begins in the usual
manner, with the transfer of an oxygen atom from A or B to the
more basic (amine) nitrogen. Following that, a Cope-type
elimination reaction#! yields the nitrile and dimethylhydrox-



ylamine. The latter is independently oxidized to the nitrone,
CH3N(=CH,)O, as described previously.

OH

H 9
S M — Rec=N 4 N
N ) e Mo Me

H Me  catMTO
S NG
N~ "Me H0, R

R

During the course of these studies we have developed a
particular solvent formulation that preserves the catalyst quite
well. It consists of a mixture of acetonitrile, acetic acid, and
pyridine (94.5:5:0.5). Therole of pyridineis to accelerate the
cycling of MTO and its peroxides, as in Scheme 1, with acetic
acid preventing the mixture from becoming so basic that the
catalyst isirreversibly deactivated.

Peroxide activation by MTO: reactions involving
the breaking of C—H bonds

In every one of the reactions presented to this point, an oxygen
atom was transferred from a peroxorhenium complex to an
electron-rich atom or center. In contrast, arenes and secondary
alcohols are oxidized by a different mechanism.

MTO-hydrogen peroxide converts methyl arenes to qui-
nones, yielding preferentially the para isomer:

= (o) =
Q o1 o:&o

Me,, Men

These tend to be sluggish reactions. A higher level of MTOis
employed, typically 10% of the arene, and a temperature of 57
°Cinglacial acetic. Theyieldsare high, but the conversionsnot,
since the catalyst is gradually deactivated. o-, m-, and p-
Dimethylbenenes gave the quinones in 12-15% conversion
after 3.5 h; 1,2,4-trimethylbenzene gave 75% conversionin 4 h,
along with 33% of the hydroquinone. The data are scant, but a
plausible mechanism for the first and most difficult step, phenol
formation, is as given in Scheme 5.

OH

-y

The oxidation of secondary alcohols by hydrogen peroxideis
also catalyzed by MTO; again the reaction faces a substantial
kinetic barrier. Representative rate constants at 298 K for the
reaction between B and the acohols are 1.02 x 104
L mol—1 s—1 for 4-methyl-a-methylbenzyl acohol and 4.9 x
10-5 L mol—1 s—1for 4-chloro-a-methylbenzyl alcohol. There
was a kinetic isotope effect of 3.2 for the « C—H bond of
1-phenylethanol (1,2,2,2-D,). When the same alcohol was
labeled with 180, 80% of the oxygen was retained in the ketone.
Testsfor the possible intervention of afree radical intermediate
were carried out; the evidence was entirely negative. A
mechanism featuring hydride abstraction is proposed, the first
time for the HO,/MTO system (Scheme 6)

Scheme 5

Peroxide activation by MTO: bromide ions as
co-catalyst

The ability of the MTO/H,0O, system to oxidize Br— to BrO—
(ref. 42) (see Table 3) affords ameans of developing a different
oxidizing species in solution, one capable of adopting a
different mechanism. Actually, the useful species is Br,, not
BrO—-/HOBr, since the reaction between HOBr and Br— is

o 1
o H\O\\ ”/?
r A Madlio _k o 0
R'7(®H RSO A=k OHe

0" OH, R ®H
Major
Me\%lj%;o R>:®
HO~ o
o O | R
Scheme 6

exceptionally rapid.43 This approach offers two advantages: it
opens a new mechanism in place of oxygen-atom transfer and
accomplisheswhat amountsto a bromine reaction without using
any substantial concentration of that element, obviating waste
disposal costs for bromide solutions.

Sec-phenylethanol, for example, is oxidized by MTO/H,0,
42-times more rapidly when a catalytic concentration of
bromide is present (1.1 mM HBr and 200 mM alcohol) as
compared to the same reaction in its absence. The reason isthat
Br, carries out hydride abstraction, which A and B do not.44 The
sequence is the following:

A/B Br ,H*

Br BrO™ : Br, RzCHOH

2Br~ + R,CO

MTO-catalyzed reactions not involving hydrogen
peroxide

Rearrangement reactions of a single substrate

Alcoholsto ethers. MTO isthefirst transition metal complex
in trace quantity to catalyze the direct formation of ethers from
acohols. These reactions occur in various aprotic solvents
(benzene, toluene, dichloromethane, acetone, etc.) and in the
acohols themselves. Aromatic alcohols react best; for example
benzyl alcohol is converted in 30% yield to the ether; the
conversion is 36%, the balance being comprised of 3% PhCHO
and 3% PhCHs. Thisrequired 2 d at room temperature; after that
time none of the catalyst remained. The intermediates charac-
terized and inferred for the reaction of MTO with hydrogen
peroxide and for its exchange with water indicate the following
mechanism (Scheme 7) from which the ether can be formed by
reductive elimination.45

0 O/H ?I
o110 Ol &
SR H ROH | OSHe” Xq| —He0 2
ch/ }) H3 /\ H3 O\
“R HO O< R
I“L’ R-O-R + MTO ———J
Scheme 7

We noted that (a) no reaction occurred with alcohols
containing an electron-withdrawing group at the para position
such as NO,, Br, and Cl, (b) an olefin was formed from
2,2-dimethyl-1-phenylpropan-1-ol, and (c) acohols underwent
disproportionation catalyzed by MTO. It seems that these
reactions occur through a carbocation intermediate (Scheme
8).

This scheme further reportsthat MTO catalyzes the reactions
between amines, aryl and alkyl, and alcohols, leading to amine
products.45

1,3-Transposition of allylic alcohols.46 MTO catalyzes the

approach to equilibrium in reactions such as those shown in
Table 6. Yields of the isomerized alcohol are often less than
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O\F‘ll\e/ \H . 1 + ,
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MTO NHR + N
R2 R‘ e R
Scheme 8

100%, due to the reverse reaction. This equilibrium was
confirmed by the use of deuterium labeling; the isotopomers of
2-cyclohexen-1-ol are interconverted by this degenerate reac-

tion:
D D. OH
HO” t i

The equilibrium constant was found to be 1.20 £ 0.02 in
benzene at ~23 °C, demonstrating an appreciable equilibrium
isotope effect. The reaction is sharply inhibited by traces of
water. The use of CH3Re(180); resulted in no incorporation of
oxygen-18 into the alcohol product. Because of that we must
discard a mechanism related to that presented for ether
formation. A mechanism to account for the various lines of
evidence, including the inhibition of water that competes with
the alyl acohol and leads to the dead-end species
CH3Re(0),(0OH),, is depicted in Scheme 9.

g Y
¢ mro HO-p e HO-BeZ
— R —_— o/ 0 > o [e]

MTO-catalyzed cyclotrimerization of aldehydes. This
reaction yields 1,3,5-trioxanes:

R

o cat. MTO O\(/
H H

This reaction was carried out successfully for nineteen
anhydrous aldehydes.4” The stereochemistry was established by
NMR and by X-ray crystallography in one instance; oxygen-18
labeling of MTO showed that just one of the three oxygen atoms
in the product derived from MTO. Yields are generally high,
>90%. Although many trioxanes can be isolated at room
temperature, several of the reactions need to be carried out at
—30 °C, lest the products revert to the parent al dehyde. Indeed,
al of thetrimeric productsrevert to the aldehyde thermally. The
mechanism has not been established, but the structures shown
for several of the reactions are suggestive of a sequence in
which an adduct with four-membered ring, derived from the
interaction of MTO and one aldehyde, is further homologated
(Scheme 10).

Table 6 Equilibrium reactions for the 1,3-transposition of alylic alcohols.62

Substrate Product Time % Product at
equilibrium
Ph . _Ph
Y (Y 5d 63
OH OH
HC ph Ph
f 10h 98
HO
n-Can Z Ph I'I'Can N Ph
n-CsHys X 1CsHi
7Y (> id 33
OH HO

OH HO

OH
s I 25d 86
) OH |
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2RCHO o R

CH, CH3
! RCHO (O~ o

o="%o =R >R
(o]

Scheme 10

Atom transfer reactions not involving hydrogen peroxide

The reactions referred to in this section are of the general form
YO + X — Y + XO. One example is the reaction between
epoxides and triphenylphosphine. Without MTO no reaction
occurs despite its spontaneity (AG® = —230 kJ mol—1). The
catalyst causes this general transformation:48

o
R R R! R
+ PPhg —= n2>=<ﬂ" + PhsPO
R2 R*

The reaction gives high yields (= 79%) in benzene at room
temperature, seems to be quite general, and proceeds with
preservation of the relative stereochemistry about the C-C bond
of the epoxide. Two distinctly different, plausible mechanisms
can be suggested from other results. In thefirst, the epoxide and
MTO form a dialkoxyl (glycolato) rhenium complex. This
reaction has been well established independently.4° Following
that the phosphine abstracts an oxygen, leading to the products
and the regeneration of the catalyst (Scheme 11).

MTO + Epoxide

l

o
O=np -0
AR
Oo ——— Alkene + PhgP=0 + MTO
R4
R' g2

Scheme 11

A certain level of support for this scheme is afforded by the
determination that the independently-prepared dialkoxylrhen-
ium complex reacts with triphenylphosphine in the required
manner.

The second plausible explanation starts with the reaction
between triphenylphosphine and MTO. Methyldioxorhe-
nium(v) isformed; the Re(v) is coordinated by phosphine (L) to
an extent dependent on their concentrations;, a compound in
which Re(vi) is present in the molecular unit has been
characterized: CH3Re(0),L>-MTO.50 This species is known to
abstract an oxygen atom from substrates that have a bond to
oxygen weaker than that present in MTO, 465 kJ for MTO(aqg)
= CHzReOy(ag) + O(ag).5! Based on these ideas, this
alternative reaction scheme can be proposed, in which L
represents phosphines or other ligands coordinated to Re(v)
(Scheme 12).

CH GH
i + PPhy s ;
o=Reso LRts, . EPOXYE Akene + MTO
Y~ -PhpO g ©
Scheme 12

It would be premature at this stage to decide between the two.
Several related transformations have also been found. Thus
MTO is an effective catalyst, when accompanied by triphenyl-
phosphine, for converting tertiary amine oxides [e.g., Ar-
N(O)Me, and CsHsNO] to amines, triphenylphosphine oxide
being formed concomitantly. These reactions were studied in
benzene, but there is no reason to believe other solvents would
not serve as well.48

Sulfoxides are converted into sulfidesin high yield (65-77%)
by the same procedure. Reactions have been carried out in

benzene at room temperature for aryl and alkyl sulfoxides.48 On
the other hand, attempts to excise an oxygen atom from a
sulfone have failed. Among other factors, one notes that
sulfoxides have an S-O bond enthalpy of =330 kJ mol—1,
whereas for sulfones thisis =440 kJ mol—1.

The bond enthal pies along the series ArzEO (E = P, As, Sb)
are such that oxygen is preferentially bound to phosphorus.
Uncatalyzed oxygen exchange is not significant. With MTO
catalytic reactions occur, converting ArAs(Sb)O and ArsP to
ArAs(Sh) and ArsPO. The involvement of the Re(v) complex,
CH3ReO; or its ligated derivatives, seems likely.

Coupling reactions using the MTO catalytic template

Ketones and aldehydes do not react with epoxides in the
absence of MTO. With the MTO catalyst, 1,3-dioxolanes are
formed, often but not invariably in high yields from reactions
carried out for two days in chloroform.52 The net equation is
shown below.

R R
H‘»A.Ra i cat. MTO X
+ AR o]
g R ROHR L/k“‘
H
R R?

The reaction proceeds in two steps: in the first, as described
in the preceding section, a dialkoxylrhenium complex is
formed, and then attacked by the carbonyl compound. Each step
proceeds with inversion of configuration, the resultant being
that the dioxolane retains the structure of the parent epoxide.

Carbene and nitrene transfer reactions

As one examines the structures of A and B, it is natura to
inquire whether one (both?) of the oxygen atoms of the
coordinated peroxide might be replaced with isoelectronic
nitrene (NR) or carbene (CR,) equivalents. Taking A for

(o] o]

O 1,0 Os IO
R\ Re__
H3C/ NR Hac’ CHR

Ay Ac

example, might the intermediates Ay or Ac be made? And, if
successful, would these species transfer a group (presumably
the less electronegative nitrene or carbene fragment) to a
suitable substrate? Attempts to prepare Ay by the reactions of
MTO with hydroxylamines, this being the example from
isoelectronic substitutions in Scheme 1, have met with no
success. Not only that, but such mixtures showed no evidence of
catalytic activity toward substrates that react with MTO/
H,0,.

We consequently turned to organic azides and diazoalkanes
as sources of the putative NR and CR; groups for incorporation
into an activeform of MTO. A certain level of success has been
realized, as represented by the subsequent MTO-catalyzed
conversions, when ethyl diazoacetate was used. Aryl imines
were transformed to aziridines, carbonyl compounds to ep-
oxides, and alkenes to epoxides (Scheme 13)53.54

The model in terms of an Ac-like carbene donor holds some
appeal, but attempts to identify such species have not been
successful. It may be that MTO releases a free carbene to carry
out this chemistry, an ideathat finds credence in the sensitivity
of these reactionsto moisture, afeature not found in most MTO-
catalyzed reactions.

In summary
The catalyst methyltrioxorhenium has proved its abilitiesand its

versatility. It seems assured of auseful placein the repertoire of
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ArCH=NR Ar H

(R = Ph, Bu" Hx")
H  to,kt
1
R'(H) Ry
R2 COLE

NoCHCO »Et
Ry e oL

R3

4
F‘\_<R3 N, CHCO, Et R,%

R2 R* R2  CO.Et
Scheme 13

catalysts that activate hydrogen peroxide and also provide other
pathways for oxygen atom transfer. The fact that MTO is
soluble in different media, and retains its catalytic activity
therein, enhances its usefulness. Other substances act as
catalysts for peroxide reactions, among them molybdates,
tungstates, and other Mo(vr) and W(v1) complexes.2’ But MTO,
advantageously, does not engage in any oligomerization or pH-
dependent equilibria, unlike molybdate and tungstate, greatly
simplifying the characterization of its reaction mechanisms.
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