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Introduction

Less than 20 years ago the entire class of organorhenium
oxides was completely unknown, but today an amazing
wealth of these complexes exists. In the last decade many
new facts about organorhenium oxides were published,
and not only the knowledge about their preparation,
structures, and chemical behavior has significantly grown.
It is now well established that organorhenium oxides have
interesting applications in both catalysis and material
sciences. The field of organorhenium oxide chemistry is
thus still in rapid progress. It is prototypal for organo-
metal oxides in general.

The first attempt to synthesize an organorhenium oxide
was performed in 1963 in the group of E. O. Fischer. His
diploma student A. Riedel reacted CIReO3 with Na(CsHs)
to receive (CsHs)ReOs, which was expected to be a half-
sandwich complex in piano stool configuration.?2 How-
ever, the reaction only led to the oxidation of cyclopen-
tadiene, and nearly 30 years passed before the desired
compound was synthesized.?® The first organorhenium
oxides, namely, (CH3)4ReO and ((CH3)sSiCH;)4ReO, were
prepared by G. Wilkinson and co-workers in 1974.2cd
During the following 10 years some more derivatives were
reported, but in most cases the yield was low and the
synthetic access to these “exotic” compounds not easy.

We came in contact with this chemistry in 1984 when
W. A. Herrmann and R. Serrano managed to synthesize
7°-(Cs(CH3)s)ReOs, the first half-sandwich complex of the
type (75-CsR5)MOy.2¢ During the following years we
became more and more interested in this chemistry,
fascinated by the manifold reaction chemistry of #°-
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(Cs(CH3)s)ReOz and its application as a model for oxidation
catalysts. A second important step was the improvement
of the synthesis of methyltrioxorhenium, first detected in
tiny amounts upon reaction of (CH3),ReO with air in 1979
by R. J. Beattie and P. Jones.?*3 Methyltrioxorhenium is
now one of the best examined organometallic compounds.

The results of the organotrioxorhenium(VIIl) chemistry
up to 1990 have already been reviewed in several
papers.“©hii \We now give a brief overview on the develop-
ments in organorhenium oxide chemistry in the recent
years and describe our own contributions to this fast
growing field.

Eight different types of neutral molecules containing
only Re, terminal oxo ligands, oxo bridges, and organic
groups (R = alkyl, aryl) are known (compounds I-VIII
(Chart 1)), in total approximately 70 complexes. The
formal oxidation states of these molecules are VII, VI, and
V. A significantly greater variety of derivatives can be
deduced from these eight basic types, also mainly in the
oxidation states VI and VII.
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Organorhenium(VIIl) Oxides. By far the most thoroughly
examined organorhenium oxides are those of type I. The
type | organorhenium(VII) oxides known to date are given
as compounds 1—38 (Chart 2). Nowadays two major ways
to prepare organorhenium oxides of type | exist: (1)
Precursor compounds of rhenium in low oxidation states,
such as organorhenium carbonyls, can be oxidized by a
variety of oxidants, but the available synthetic methods
can only be used in the preparation of a few organorhe-
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nium(VII) oxides (namely, 36 and 37) (eq 1).* Only com-
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pounds with an oxidatively stable electron-donor ligand
can be derived by oxidation of Re(l) to Re(VII).* In our
experience the best method yet developed is the catalytic
oxidation of organorhenium carbonyls with H,O, and 1
as catalyst below room temperature.*d The oxidation
method, starting with a rhenium carbonyl compound and
an oxidizing agent, is also successful for the preparation
of some inorganic Re(VII) trioxides (compounds 39 and
40).5 The o-aryl derivative (Mes)ReO3 (27) can be syn-
thesized by the oxidation of ReO,(Mes), with NO,.6 In
contrast to compounds 36 and 37 the product yields in
these cases are often comparatively low. (2) The best
method to synthesize organorhenium(VII) oxides nowa-
days is the reaction of a rhenium precursor complex
already in the oxidation state VII with an alkylating or
arylating agent.”~'* For the success of this reaction type,
a [ReOz]* synthon and a good leaving group have to be
present. For several years we considered Re,O; as the
ideal starting material.® Reactions with certain tin(1V) and
zinc(ll) organyls leads to the formation of organo-
rhenium(VIl) oxides according to egs 2 and 3 without
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reduction. However, the most important drawback of this
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method is the formation of an equimolar amount of tin
or zinc perrhenate, thus waisting half of the rhenium.
Especially with regard to the catalytic interest in some
RReO; compounds, this situation seemed very disadvan-
tageous to us.

A few years ago we found that chlorotrioxorhenium-
(VI1)° and perrhenyl carboxylates!® are much more useful
precursors for the perrhenyl synthon. Both compounds
are easily and quantitatively available from Re,O; and can
be used in situ for the reaction with the organylating
reagents without rhenium loss (eqgs 4 and 5).%° Covalent
perrhenates such as Me3;SiOReO; and Me3SnOReO; are
also suitable precursor compounds of R—ReO3; com-
plexes.tt
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It has been shown that organozinc precursors are
useful for the preparation of long-chain alkylrhenium
oxides (2—14)* and o-arylrhenium oxides (25—33)% while
methyl- (1), alkenyl- (15—18, 22—24), and alkynyl- (19—
21) rhenium(VIIl) oxides and nonperalkylated cyclopen-
tadienylrhenium(VII) oxides (35, 36) are available with
organotin precursors.’* Some derivatives such as (5°-
cyclopentadienyl)trioxorhenium (35) and (y*-phenyl)-
trioxorhenium (25) are accessible by both methods.
Derivative 38 is synthesized by reaction of Re,O; with
carbodiphosphorane, PhsP=C=PPh3.1> The success of a
certain synthesis depends on the transferability of the
organic group and the redox potential of the precursors.#2
Scheme 1 summarizes the synthetic pathways to organo-
trioxorhenium(VI1) derivatives of type I, starting from Re-
(VII) precursors.

In stark contrast to compounds of type | only very few
examples of type Il are known (compounds 41—46).16-20
These molecules are synthesized according to Scheme 2
and subsequently purified by chromatography or subli-
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mation. Compounds 41 and 42 were the first organorhe-
nium(VII) oxides to be synthesized. They were prepared
by the reaction of (CH3)4ReO with NO at —78 °C as early
as 1975.%62 The best accessway to these complexes uses
R4(u-0),0,Re;, derivatives as starting material (see Scheme
2) and has been developed by D. Hoffman and co-
workers.1®¢ Nevertheless, the total yield over all steps is
quite low.

Even less is known about molecules of type I1l. Only
one complex of this type, namely, (u-O)[((CH3)sCCH,)-
ReOs], (47), has been reported.’” The three ways of its
preparation are presented in Scheme 3. Again, the
reaction starting from R4(u-0),0;Re; gives the best yield.
We tried to repeat this reaction by using Me4(«-0),0;Re;
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4312.
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as starting material to get the sterically less crowded
methyl derivative but were only able to isolate it after
stabilization with two pyridine molecules per molecule of
product.®® Obviously only bulky ligands R allow the
existence of donor free derivatives. This may be an
important hint for the synthesis of further derivatives and
is not uncommon in this chemistry.
Organorhenium(VI) Oxides. In comparison to the
organorhenium(VII) oxides where ca. 45 derivates of types
I—111 are known, not more than 20 different organorhe-
nium(VI) oxides of types IV—VII have been published. This
is mainly due to relatively inefficient and inconvenient
synthetic strategies which are far less developed than in
the case of the type | family. In most cases a certain
amount of undesired byproducts is formed which some-
times cause problems during the purification processes.
Interaction of trimethylammonium perrhenate or dirhe-
nium heptaoxide with excess arylmagnesium bromide in
THF leads to a complex of stoichiometry [(aryl),ReO,],-
Mg(THF), (aryl = mesityl (mes), xylyl) (eq 6). These

R
HsC
MesMgBr, 78 °C ° CHs
[(CHy)sNH][ReOy] ———— Re CHz (6)
or XylyMgBr,-78°C 0=
(o]
HyC R
R =CHj (48)
R=H  (49)

compounds are easily oxidized to (mes),ReO, (48) and
(xylyl);ReO, (49). The oxidation can be achieved by
oxygen or aqueous H,0,.18 These molecules are the only
examples of type IV. In the case of aryl = o-tolyl and
o-methoxyphenyl, compounds of type VII are formed
under the same reaction conditions.'® Again, the steric
bulk of the ligands is important for the stability of type
IV molecules. As already mentioned, molecules of type
VIl were the first organorhenium oxides that have been
prepared.® ORe(CH3)s (50) has been prepared by the
reaction of OReCl;(PPhs3), and (CHs;)Li with subsequent
oxidation by O,. Today only three more derivatives of type
VIl are known (compounds 52—54).18 Synthetic pathways
leading to molecule type VII according to G. Wilkinson et
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Scheme 4
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RMgBr, RT 1) CHali
R = o-tolyl, (o-methyl)pheny! 2)0,,-78°C

0
i
/Re\

R™/\"R
R R

R= CH, (50)
CH,Si(CHg)s  (51)
o-tolyl (52)
o-methoxyphenyl (53)
mes (54)

al. are summarized in Scheme 4.8-20 |t is also possible
to synthesize compounds of type VII with mixed alkyl
groups. ORe(CH3)3(CHCHP(CHg)s) (50a) and ORe(CHSi-
(CH3)3)(CHCHP(CHj3)3) (51a) can be prepared by reaction
of the rhenium(V) oxo alkyl phosphine complexes OReRs;-
(P(CHg)3) (R = CHgs, Si(CHg)3) with ethyne, a formal
insertion of ethyne into the Re—P bonds.*®¢ Substituted
alkynes react with ORe(CHj5)3(P(CH3)s) to give the adducts
ORe(CH3)3(RC:CR’") (compound type 50b) (R = R' = CHjs,
C,Hs, Ph; R = CHj3, Ph, and R' = H).18¢

The best examined types of organorhenium(VI1) oxides
with respect to their synthesis are V and V1.2%2 Alkylation
of OReCl, with RMgX proceeds through Re(V) intermedi-
ates, e.g., [R,ReO;].Mg(THF),, which can be oxidized with
H,0, or O, to give paramagnetic R4ReO (type VII; see
above).?¢18a20a  Simultaneously to the formation of type
VIl compounds, also diamagnetic dimers of type VI are
formed.?® Further oxidation of compound 50 with NO or
O, at higher temperatures leads to cis-Me3zReO; (type II).
At low temperatures (—78 °C) type V derivatives are
formed.

Type VI molecules are accessible in better yields by the
reduction of (CHj3)3SiOReO; with aluminum organyls or
by heating of type V derivatives in the presence of excess
ZnR,.2%  Another pathway is the reaction of organorhe-
nium trioxides (type 1) with excess ZnR, above room
temperature.?®® Yet only two different compounds of type
VI are known (R = CHj; (55) and R = CH,Si(CH3); (56)).
Molecules of general type V are accessible by the reaction
of Re,0O; with RTi(0-iPr); or much more conveniently by
the reaction of Re,O; or RReO; with stoichiometric
amounts of ZnR, at low temperatures.?>?' With these
methods several derivatives (compounds 57—63) are
available.?2 We recently found that reduction of CHs-
ReO; (1) with ZnR; leads to mixed derivatives [(u-O)Re-
(O)(CH3)R];,, R = C,Hs (64), i-CsH; (65).2'¢ Selected
synthetic pathways toward type V and VI compounds are
given in Scheme 5. As already mentioned, type V com-

(21) (a) Huggins, J. M.; Whitt, D. R.; Lebioda, L. J. Organomet. Chem. 1986,
312, C15. (b) Cai, S.; Hoffman, D. M.; Huffman, J. C.; Wierda, D. A.;
Woo, H.-G. Inorg. Chem. 1987, 26, 3693. (c) Kuihn, F. E.; Mink, J.;
Herrmann, W. A. Chem. Ber. 1997, 130, 295.
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pounds are the most useful starting materials for the
synthesis of type Il and Il complexes. A high-yield access
to these complexes is therefore important.

Organorhenium(V) Oxides. Organorhenium(V) oxides
are not known without additional donor stabilization. The
only exception of this statement is derivative 66 and
related compounds (Scheme 6). 66 is the only known
compound of type VIII. The stability of this molecule is
probably again due to the steric bulk and also the donor
capability of the pentamethylcyclopentadienyl ligand.
Alkyl and o-aryl derivatives have not been synthesized up
to now. Compound 66 is accessible from 36 and triphen-
ylphosphine under oxygen free conditions.?®# The reac-
tion chemistry of 66 and related complexes was sum-
marized elsewhere.*

A

Structures and Properties

Crystallography and Spectroscopy. Selected structural
features of complex types I-VII are given in Table
1.51214-27 |n general small changes in the donor capability
or the steric bulk of ligands R do not affect the bond
distances and angles of the molecules significantly. Spec-
troscopic results, e.g., NMR and IR spectroscopy, are much
more sensitive to small electronic changes than X-ray
crystallography. O NMR studies show strong ligand
effects (Scheme 7) and a strong solvent dependence of
the chemical shifts.?822° Unfortunately more detailed 'O
NMR investigations have only been undertaken with type
I molecules.*?7¢29 In solution organorhenium(VIl) oxides
R—ReO;:(Sq) and their Lewis base adducts show both
oxygen and ligand (D) exchange. The exchange rates
depend strongly on the donor capability of the solvent
and the temperature (eq 7). In our experience IR

R R
0§R|_ S, _—— O§R|e=0 + D (7)
o=t o 0” T

T

D Sq

Sy = donor solvent

D= Lewis base

spectroscopy is another very useful tool to examine the
donor capability of the ligands R and L, respectively, in
R—ReOs:(L,) complexes. Typical wavenumbers of veym-
(ReO) and vasym(ReO) are given in Scheme 8.4« Typical
IR shifts of Re=0 and Re—O stretching frequencies of the
general types 1-VII are summarized in Table 2.%

The dipole moments of R—ReO; reflect the strong
electron-withdrawing character of the ReO3; fragment. 4312
Theoretical calculations confirmed the strong electron-
withdrawing properties of the ReO3; moiety. Calculations
also indicate a partial triple bond character in the terminal

(22) (a) Felixberger, J. K.; Kuchler, J. G.; Herdtweck, E.; Paciello, R. A.;
Herrmann, W. A. Angew. Chem. 1988, 100, 975; Angew. Chem., Int.
Ed. Engl. 1988, 27, 946. (b) Herrmann, W. A.; Serrano, R.; Ziegler,
M. L.; Pfisterer, H.; Nuber, B. Angew. Chem., Int. Ed. Engl. 1985, 24,
50.

(23) Haaland, A.; Scherer, W.; Volden, H. V.; Swang, O.; Ruud, K.; McGrady,
G. S.; Downs, A. J.; Herrmann, W. A.; Geisberger, M.; Priermeier, T;
Boese, R.; Blaser, D. J. Am. Chem. Soc., submitted for publication.

(24) (a) Burrell, A. K.; Cotton, F. A; Daniels, L. M.; Petricek, V. Inorg. Chem.
1995, 34, 4253. (b) N. Masciocchi, N.; Cairati, P.; Saiano, F.; Sironi,
A. Inorg. Chem. 1996, 35, 4060.

(25) (a) Kiprof, P. Ph.D. Thesis, Technische Universitdt Miinchen, 1992.
(b) Holm, R. H. Chem. Rev. 1987, 87, 1401. (c) Mayer, J. M. Inorg.
Chem. 1988, 27, 3899. (d) Holm, R. H.; Donahue, J. P. Polyhedron
1993, 12, 57.

(26) Herrmann, W. A.; Scherer, W.; Fischer, R. W.; Blimel, J.; Kleine, M.;
Mertin, W.; Gruehn, R.; Mink, J.; Boysen, H.; Wilson, C. C.; Ibberson,
R. M.; Bachmann, L.; Mattner, M. J. Am. Chem. Soc. 1995, 117,
3231.

(27) (a) Herrmann, W. A.; Kuchler, J. G.; Weichselbaumer, G.; Herdtweck,
E.; Kiprof, P. J. Organomet. Chem. 1989, 372, 351. (b) Herrmann, W.
A.; Weichselbaumer, G.; Herdtweck, E. Ibid. 1989, 372, 371. (c)
Roesky, P. W. Ph.D. Thesis, Technische Universitat Miinchen, 1994.
(d) Herrmann, W. A.; Correia, J. D. G.; Geisberger, M.; Mattner, M.;
Artus, G. R. J,; Kihn, F. E. J. Organomet. Chem., in press.

(28) (a) Herrmann, W. A.; Kiihn, F. E.; Rauch, M. U.; Correia, J. D. G.;
Artus, G. R. J. Inorg. Chem. 1995, 34, 2914. (b) Rietveld, M. H. P.;
Nagelholt, L.; Grove, D. M.; Veldman, N.; Spek, A. L.; Rauch, M. U;
Herrmann, W. A; v. Koten, G. J. Organomet. Chem., in press.

(29) Herrmann, W. A.; Kiihn, F. E.; Roesky, P. W. J. Organomet. Chem.
1995, 485, 243.

(30) Mink, J.; Keresztury, G.; Stirling, A.; Herrmann, W. A. Spectrochim.
Acta 1994, 50A, 2039.
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Table 1. Selected Structural Data of Organorhenium

Oxides?
structure type Re—O—Re Re=0 Re—Opr Re—C

1, o-R, distorted tetrahedral 169(1) 209(1)
1, 7-R, distorted tetrahedral 172(2) 207(1)
11, distorted trigonal 172(5) 215(3)

bipyramidal
111, corner-sharing trigonal 166(1) 169(1) 192(3) not

bipyramids (distorted) given
1V, distorted tetrahedral 168(1) 206(1)
V, distorted edge-sharing 85(2) 166(2) 192(4) 213(4)

tetragonal pyramidal

VI, distorted corner-sharing  180(0) 172(4) 184(2) 219(8)
trigonal bipyramidal

V11, distorted tetragonal 167(2) 216(4)
pyramidal

a8 Mean values of bond distances are given in picometers, bond
angles in degrees. Standard deviations are given in parentheses.

Scheme 7
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ReO bonds to get more electron density to the electron
deficient rhenium core.31:32

Cyclic voltammetric measurements of type | derivatives
are in good agreement with theoretical stability calcula-
tions. Electron-donating substituents, e.g., R = CH,Si-
(CHj3)s, and Lewis base ligands, e.g., quinuclidine and 2,2'-
bipyridine, enhance the redox stability.4k26033  Alkyl-
rhenium(VI) oxides show mainly one-electron redox chem-
istry.3® Monomeric complexes, e.g., (CH3)sReO, are re-
duced to the corresponding anion, dimeric complexes to
mixed valence dimers.333 In the case of [(u-O)(CHs),ReO],
a one-electron reduction and the presence of oxygen lead

(31) (a) Kostlmeier, S.; Haberlen, O. D.; Résch, N.; Herrmann, W. A.;
Solouki, B.; Bock, H. Organometallics 1996, 15, 1872. (b) Wiest, R.
T.; Leininger, T.; Jeung, G. H.; Benard, M. J. Phys. Chem. 1992, 96,
10800. (c) Costas, M.; Poblet, J. M.; Rohmer, M. M.; Benard, M. Inorg.
Chem. 1995, 34, 176. (d) Szyperski, T.; Schwerdtfeger, P. Angew.
Chem. 1989, 101, 1271; Angew. Chem., Int. Ed. Engl. 1989, 28, 1128.

(32) Mealli, C.; Lopez, J. A.; Calhorda, M. J.; Romao, C. C.; Herrmann, W.
A. Inorg. Chem. 1994, 33, 1139.

(33) Albach, R. Ph.D. Thesis, Technische Universitat Minchen, 1992.
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Scheme 8
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Table 2. IR Vibrations v(ReO) (cm™?) of
Organorhenium Oxides
structure
compound type Vsym/asym(Re=0) v(Re—O—Re)
RReO; (R = alkyl) | 1000—990
965—955
RReO3 (R = o-aryl) | 990—-975
960—950
RReO3 (R = | 925-915
m-cyclopentadienyl)
895—880
R3ReO; 1] 990-985
940—-950
u-O[R2ReO2], 11 980—-975 700—690
950—-940
R2ReO; v 975—-970
935-925
[(4-O)R2ReO], \Y; 1030—1000 760—740
u-O[R3Re0], Vi 1030—-1000 850—750
R4ReO Vil 1010—-990
[(«-O)RReO], VI 930 635, 615

immediately to the formation of a trimeric compound, a
cluster anion of formula [(CH3)sRe30,(u-0),]~ (67).3 It

THa 0 0 CH3j
CHg\/Re/0§/Re\/0§RIe\/CH3
74
o} CH; CHs \o

67 (Re""™" as [Cp,Co]* salt)
linear Reg-framework

represents an example of an acyclic organo-
metallic oxide framework with metal—metal bonding.
Ligands bulkier than the methyl group, e.g., cyclopropyl
or neopentyl ligands, do not allow such a trimerization.3?
The neopentyl derivative can be reduced electrochemically
to [R,ReO,]” and in a preparative way with Na/Hg as
reducing agent (see below).2%2

Behavior in the Presence of Water. We were rather
surprised when we examined the behavior of 1 in the
presence of water. Heating this compound in aqueous
solution for several hours at 70 °C leads to the formation
of a gold-colored, polymeric compound of empirical

(34) Herrmann, W. A.; Albach, R. W.; Behm, J. J. Chem. Soc., Chem.
Commun. 1991, 367.
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FIGURE 1. Stacking model for crystalline areas of “poly(methyltrioxo-
rhenium(VI1))” (1a).

formula {Hos[(CH3)092ReOs]} (1a) in high yield (eq 8).3%3¢

CHy
i
045}e\ + Hy0 — "{Hos[(CH3)ogoRe03]].. + Op + (HReO4 + CHy)" (8)
o O 1a
1 (ca. 70 %)

(ca. 30 %)
This is the first example of a polymeric organometal oxide.
The structure of the crystalline domains of la can be
described as double layers of corner-sharing CH3ReOs
octahedra (AA") with intercalated water molecules (B) in
a ...AA'BAA'... layer sequence (Figure 1). Therefore, the
oxo groups of two adjacent layers are vis-a-vis with the
intercalated water layer. Hydrogen bridges are formed
between the oxo groups and the water molecules, en-
hancing the structure of the polymer. The double layers
are interconnected by van der Waals attractions generated
by the nonpolar methyl groups which are orientated inside
the double layer. These structural features explain the
observed lubricity of 1a. Substoichiometry with respect
to the CHs/Re ratio of 4.6:5 and partial reduction by extra
hydrogen equivalents are responsible for a high electric
conductivity of 1a.263 For the amorphous areas of 1a a
model with turbostatic and 001 defect stacking of double
layers of corner-sharing (CH3)ReOs octahedra with smaller
water content has been proposed.?%:%

Up to now we did not find a similar behavior of another
organorhenium oxide. Longer chain alkylrhenium(VII)
oxides and especially alkenyl and alkynyl derivatives

(35) (a) Herrmann, W. A.; Fischer, R. W.; Scherer, W. Adv. Mater. 1992, 4,
653. (b) Herrmann, W. A.; Fischer, R. W. J. Am. Chem. Soc. 1995,
117, 3223. (c) Mattner, M. R.; Herrmann, W. A.; Berger, R.; Gerber,
C.; Gimzewski, J. M. Adv. Mater. 1996, 8, 654.

(36) Genin, H. S.; Lawler, K. A.; Hoffmann, R.; Herrmann, W. A.; Fischer,
R. W.; Scherer, W. J. Am. Chem. Soc. 1995, 117, 3244.
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decompose slowly under formation of ReO,~ and hydro-
carbons in the presence of water.*<%” z-Organylrhenium-
(VII) oxides are not soluble in water. All organorhenium-
(VI1) oxides of type I, including 1a, are sensitive to OH~
ions. In basic solutions they decompose quickly under
formation of perrhenate.®” The decomposition in an
acidic medium is very slow.3® Organorhenium(VI) oxides
of types V and VI are water stable.?021.35

Photochemical Behavior. Organorhenium(VII) oxides
of type I undergo homolytic decomposition of the C—Re
bond as shown by ESR and UV/vis experiments (Scheme
9).% Light in the range of 1 = 200—400 nm is very efficient
for homolysis; in the daylight most of the compounds
decompose slowly.?®® We first made this observation
when we compared UV/vis spectra of solutions of com-
pound 1 which have been stored in drawers or in daylight,
respectively. The most light stable derivatives (lowest
quantum yield) are the w-aromatic complexes; the most
sensitive compounds are the o-alkyl derivatives. The
photochemical behavior of types I1-VIII was not yet
examined in great detail, but quite a few of compounds
41-65 show light sensitivity.16-2

Thermal Behavior. Thermal stability of organorhe-
nium oxides varies in a large temperature range. While
CH3ReO3 (1) decomposes only above 300 °C3537:40 and [#°-
Cs(CHs3)s]ReOs (36)%240 is stable up to ca. 210 °C, (indenyl)-
ReO; (24)™° is not stable above —30 °C and (benzyl)ReOs;
(18)%2 decomposes below —40 °C. As is known from gas
phase analyses and TG/MS experiments, the hydrocarbon
ligand reacts with the oxo ligands mainly under formation
of CO, and H,0, if a temperature-triggered intramolecular
redox reaction can take place.” The higher the hydro-
carbon content of the organorhenium oxide, the lower is
the oxygen content of the resulting residue. If 1 is
tempered at 130 °C in a sealed tube, a red-colored,
amorphous, polymeric compound is formed which closely
resembles 1a in its characteristics, and we interpret it as

(37) Fischer, R. W. Ph.D. Thesis, Technische Universitdat Minchen, 1994.

(38) Laurenczy, G.; Lukécs, F.; Roulet, R.; Herrmann, W. A.; Fischer, R.
W. Organometallics 1996, 15, 848.

(39) (@) Herrmann, W. A.; Kuhn, F. E.; Fiedler, D. A.; Mattner, M.;
Geisberger, M.; Kunkely, H.; Vogler, A.; Steenken, S. Organometallics
1995, 14, 5377. (b) Kunkely, H.; Turk, T.; Teixeira, C.; de Méric de
Bellefon, C.; Herrmann, W. A.; Vogler, A. Organometallics 1991, 10,
2090.

(40) (a) Herrmann, W. A.; Wachter, W.; Kuihn, F. E.; Kleine, M.; Fischer,
R. W. J. Organomet. Chem., in press. (b) W. Wachter, Ph.D. Thesis,
Technische Universitat Miinchen, 1996.
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Scheme 10
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the water free form of 1a. In contrast to la it is much
more hygroscopic and less stable 4004

Most of the thermally unstable organorhenium(VII)
oxides are much more stable in (diluted) organic solutions
(especially in noncoordinating solvents, e.g., benzene).*
In solution thermal decomposition follows mainly radical
pathways. The decomposition rate depends both on the
concentration and on the temperature.*142

Derivatives of Organorhenium(VIl) Oxides
Interestingly, the chemistry of 1 is quite different from the
chemistry of 36 which has already been summarized in
other reviews.**? It has been assumed that this is due to
both electronic and steric reasons.*3%#2 Four main types
of reactions of 1 are known to date:

Condensation Reactions. Up to two of the oxo ligands
of 1 are replaced by chelating ligands (e.g., alcohols,
thiophenols, amines) under formation of O,N-, S,N-, and
S,S-chelate complexes.”* N donors are sometimes re-
quired to stabilize the products. Furthermore, the reac-
tion of 1 with epoxides also leads to glycolate complexes
under mild conditions.* In some cases (e.g., with glycols)
a dimerization and reduction of the Re(VII) centers take
place.® Scheme 10 summarizes this reaction type.

Adduct Formation with Electron Donors. (y'-Orga-
no)rhenium(VII) trioxides are Lewis acids with two free
coordination sites. Reaction with Lewis bases leads to
electronic and steric saturation of the Re center (Scheme
11). Both oxygen and nitrogen bases have been used.?”
Monodentate ligands usually lead to trigonal bipyramidal

(41) Herrmann, W. A.; Wachter, W.; Geisberger, M. Unpublished results,
1996.

(42) (a) Herrmann, W. A. Comments Inorg. Chem. 1988, 7, 73 and literature
cited therein. (b) Casey, C. P. Science 1993, 259, 1552. (c) Romao,
C. C. Rhenium: Organometallic Chemistry. In Encyclopedia of
Inorganic Chemistry; King, R. B., Ed.; John Wiley & Sons: New York,
1994; Vol. 1, pp 3437—3465.

(43) (a) Herrmann, W. A.; Watzlowik, P. W.; Kiprof, P. Chem. Ber. 1991,
124, 1101. (b) Takacs, J.; Kiprof, P.; Riede, J.; Herrmann, W. A.
Organometallics 1990, 9, 782. (c) Takacs, J.; Kuchler, J. G.; Herrmann,
W. A. J. Organomet. Chem. 1989, 369, C1. (d) Takacs, J.; Cook, M.
R.; Kiprof, P.; Kuchler, J. G.; Herrmann, W. A. Organometallics 1991,
10, 316.

(44) Zhu, Z.; Al-Ajlouni, A. M.; Espenson, J. H. Inorg. Chem. 1996, 35, 1408.
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products, bidentate bases to (distorted) octahedral coor-
dination. Nucleophilic attack which causes the formation
of these complexes may also be the first step in condensa-
tion reactions are described above. Special attention has
been paid to these adducts because they have proven to
be highly selective oxidation catalysts (see below). In solu-
tion these Lewis base adducts show fluctional geometry,
due to the comparatively weak Re—L bond.?®2 Compound
1 also forms quite sensitive adducts with hexacyanofer-
rate(ll) and even with heterocyclic carbenes.*>*¢ Com-
pound 36 does not form Lewis base adducts. The chem-
istry of 36 is governed by reductive processes, no matter
whether Lewis bases or Lewis acids are used as reagents.*
With amines or N-oxides 36 does not react at all.**
Interestingly, the 2,2'-bipyridine adduct of 1 (1b) shows a
reaction behavior similar to that of 36.27¢4” This is clearly
an effect of its electronic saturation in combination with
the steric demand of the base ligand.?®4” Some typical
reactions of 1b are summarized in Scheme 12. Regiose-
lective reactions take place because of the two different
types of oxygen atoms, present in complex 1b.280:48
Reduction. In the presence of trimethylchlorosilane
and triphenylphosphine, 1 undergoes reductive chlorina-
tion to form [(CHs(PhsPO)ReCI»(0)],0.4 This is in re-
markable contrast to the behavior of 36, which forms (7°-
Cs(CHz3)s)ReCl, under analogous conditions.®® Reaction of
1 with alkynes in the presence of polymer bound tri-
phenylphosphine leads to reductive substitution according
to Scheme 13.5! 36 undergoes cycloadditions not only
with certain olefins, e.g., norbornadiene,* but also with
SO, and diphenylketene.*?% The latter reactions do not
work with 1, but with 1b (see above). Reaction of 1 with
triphenylphosphine causes partial reduction of Re(VIl) to
Re(V), thus leading to a noteworthy mixed Re(V)/Re(VII)

(45) Kunkely, H.; Vogler, A. J. Organomet. Chem. 1996, 506, 175.

(46) (a) Herrmann, W. A; Ofele, K_; Elison, M.; Kiihn, F. E.; Roesky, P. W.
J. Organomet. Chem. 1994, 480, C7. (b) Recent review: Regitz, M.
Angew. Chem. 1996, 108, 791; Angew. Chem., Int. Ed. Engl. 1996, 35,
725.

(47) Herrmann, W. A.; Roesky, P. W.; Scherer, W.; Kleine, M. Organome-
tallics 1994, 13, 4536.

(48) Herrmann, W. A.; Roesky, P. W.; Artus, G. R. J. Unpublished results,
1994/1995.

(49) Felixberger, J. K.; Kuchler, J. G.; Herdtweck, E.; Paciello, R. A;
Herrmann, W. A. Angew. Chem. 1988, 100, 975; Angew. Chem., Int.
Ed. Engl. 1988, 27, 946.

(50) Herrmann, W. A.; Okuda, J. J. Mol. Catal. 1987, 41, 109.

(51) Herrmann, W. A;; Felixberger, J. K.; Kuchler, J. G.; Herdtweck, E. Z.
Naturforsch. 1990, 45b, 876.

(52) (a) Gable, K. P.; Phan, T. N. J. Am. Chem. Soc. 1993, 115, 3036. (b)
Gable, K. P.; Phan, T. N. J. Am. Chem. Soc. 1994, 116, 833. (c) Gable,
K. P. Organometallics 1994, 12, 2486.

(53) (a) Herrmann, W. A.; Kisthardt, U.; Ziegler, M. L.; Zahn, T. Angew.
Chem. 1985, 97, 857; Angew. Chem., Int. Ed. Engl. 1985, 24, 860. (b)
Kusthardt, U.; Herrmann, W. A ; Ziegler, M. L.; Zahn, T.; Nuber, B. J.
Organomet. Chem. 1986, 311, 163.
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compound, namely, (PhzP),(O)(CH3)ReO — Re(O3)CH;
(Scheme 13). We consider this derivative as an intermedi-
ate in the catalytic olefination of aldehydes (see below).>*

Reaction with Isocyanates. Complexes of type CHs-
Re(NR); are formed by the reaction of 1 with isocyanates
according to Scheme 14. Organotrisimidorhenium(VIlI)
derivatives are also available by aminolysis.®® Some imido
derivatives are thermally significantly more stable than the
corresponding oxo complexes, most prominently the allyl
and the hydrido derivatives.’® The pronounced stability
of these complexes may be due to the much stronger
donor capability of imido ligands in comparison to oxo
ligands. The chemistry of these interesting compounds
is described elsewhere.%

Reactions of Other Organorhenium(VIIl) Oxides. The
chemistry of molecules of general type 111, namely, of the

(54) Herrmann, W. A; Roesky, P. W.; Wang, M.; Scherer, W. Organome-
tallics, 1994, 13, 4531.

(55) (a) Herrmann, W. A.; Weichselbaumer, G.; Paciello, R. A.; Fischer, R.
A.; Herdtweck, E.; Okuda, J.; Marz, D. Organometallics 1990, 9, 489.
(b) Cook, M. R.; Herrmann, W. A;; Kiprof, P.; Takacs, J. J. Chem. Soc.,
Dalton Trans. 1991, 797. (c) Williams, D. S.; Schrock, R. R. Organo-
metallics 1993, 12, 1148.
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light sensitive compound 47, has not been examined in
detail.'” The chemistry of type Il compounds is better
known. Derivatives 41—46 are thermally quite stable.
Photolysis of 42 in pentane or pyridine yields the alkyli-
dene complex O,Re(CHC(CHj3)3)(CH2C(CHs)s) (68), which
has been structurally characterized as a distorted tetra-
hedral molecule, thus resembling complex type 1.16¢56
Complex 68 was the first rhenium(VIIl) oxo alkylidene
complex characterized by X-ray crystallography.5® We
regard compounds like this as possible intermediates in
the aldehyde olefination. A closer examination of 68 and
similar compounds may therefore bring new insight to the
mechanism of this important process. Another notewor-
thy oxo alkylidene complex, an analog of complex type
V, is the dimeric rhenium(VI) oxo methylidene derivative
of composition (u-O)(u-CH3)[(CHz3)2)ReO], (70) which can

H,
C
NNV
HBC\R/—\Re/——CHg
Vi N\
0]
70

be derived from the Re(V) starting material (CH3);ReO-
(P(CHa)3).5” Derivative 68 reacts with quinuclidine to form
a Lewis base adduct of composition O,Re(CHC(CHj3)3)-
(CH,C(CHj3)3)+(quinuclidine) (69).1%¢ Thermolysis of com-
plex 45 in pyridine gives O,Re(CH,C(CHy3)z3)(py): and
neopentylbenzene under reductive elimination. Complex
45 reacts with (CH3)C:C(CH3) and PhC:CH to form O,Re-
(CH,C(CHz3)3)(alkyne) compounds.®¢ These reactions are
summarized in Scheme 15.

Derivatives of Organorhenium(VI) Oxides

Derivatives of organorhenium(VI) oxides also have not
yet been examined very systematically. The reason may
be the relative inefficient accessways to some of the
compounds. Nevertheless, several noteworthy details
are known which surely will trigger further research in
this field. The reactions of (mes),ReO, (48, type V)

(56) Cai, S.; Hoffman, D. M.; Wierda, D. A. J. Chem. Soc., Chem. Commun.
1988, 1489.
(57) Hoffmann, D. M.; Wierda, D. A. J. Am. Chem. Soc. 1990, 112, 7056.
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with oxides of nitrogen have been studied.t'® With NO,
48 gives the dimesitylamido compound, ReO3[N(mes),];
with NO; (N,O,) it reacts quantitatively to give the mesityl
trioxo complex 27. Nitromesitylene and 2,4,6-trimethyl-
benzene diazonium nitrate are formed as byproducts.
Thus, both reactions with NO and NO, involve oxygen
transfer to the metal compound, which is oxidized to
Re(VII).6

Compounds of type V can be easily reduced by means
of cyclic voltammetry or with reducing agents, e.g., co-
baltocene (see above). Compound 59 is reduced with Li/
Hg or Na/Hg to give diamagnetic M[ReO,(CH,C(CHz3)3),],
M = Li, Na.22! 59 can be oxidized with Cl,, Br,, and AgBF,
to O,Re(CH,C(CHa)3)2X(py) (X = Cl, Br, F). In the resulting
trigonal bipyramidal complexes the halogenato ligand
occupies an equatorial position.?! Oxidation of 60 under
comparable conditions cannot be observed.?®® Reaction
with pyridine N-oxide in toluene and pyridine leads to
the formation of an orange Re(VIl) complex of composi-
tion (u-O)[Rez(CH3),02(py)2].. An X-ray crystal structure
analysis showed a distorted octahedral geometry around
the Re centers, which are linked by a bent Re—O—Re
bridge.20b

The reaction of excess P(CHz); with 58 leads to the
formation of ORe(P(CHj3)3)(CH,Si(CH3)s);. The latter com-
pound reacts rapidly with CO to give purple ORe(P(CHj3)3)-
(7>-C(O)CH,Si(CH3)3)(CHSi(CH3)3)2. An analogous pyri-
dine complex, ORe((py)(17>-C(O)CH,Si(CHs3)3)(CH,Si(CHs)3),,
is prepared by adding CO to a solution of 58 in pyridine.*6c
Complex 58 also reacts with O,, DMSO, or pyridine
N-oxide to yield 43.16¢20 Reaction of derivative 59 with
stoichiometric amounts of H,S leads to replacement of
one bridging oxygen by a bridging sulfur atom.?¢ With 2
equiv of H,S, both bridging oxygens are replaced by
sulfur.20¢

50 reacts with trialkylaluminum under formation of the
explosive, green, paramagnetic d'-complex Re(CHz)e.162
Interaction of hexamethylrhenium with methyllithium
forms the octarhenate(VI) ion, which can be isolated as
N,N,N',N’'-tetramethylethylenediamine salt Li;[Re(CH3)g]-
tmed.1622¢19 Re(CHys)s reacts with O, to give 50, with nitric
oxide to give 41.16a2¢.19
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Applications

The high catalytic activity of several organorhenium oxides
is one of the most important driving forces for the research
in this field. Especially methyltrioxorhenium has proven
to be an excellent catalyst in important organic reactions.
Alone this aspect would cover an extra paper,’ but a few
key results should be given in the present context, too.

Oxidation Catalysis. Only a few years ago the impor-
tance of rhenium compounds in oxidation catalysis was
not considered worth mentioning.%® This picture has
changed drastically during the recent five years. Organ-
orhenium oxides, especially methyltrioxorhenium(VIl) (1),
have proven to be excellent oxidation catalysts. In the
last few years dozens of papers appeared on the catalytic
applications of 1 and related derivatives, and the field is
still in full progress.>®-"*

An important breakthrough in the use of organorhe-
nium oxides of type | in oxidation catalysis was the
isolation and characterization of the reaction product of
1 with H,0,. According to eq 9a bisperoxo complex of

CH CH CH3

" iHO, (2o +H0,  O\["o
_Re ———= O0=Re | — //Re\/ 9
071y -HO N  -HO 07 [N

o 0

1 72 al

stoichiometry (CH3)Re(0,),O (71) is formed. Our co-
workers managed to isolate crystals of this explosive
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(b) Herrmann, W. A;; Correia, J. D. G.; Artus, G. R. J.; Fischer, R. W,
Romado, C. C. J. Organomet. Chem. 1996, 520, 139.

(60) Herrmann, W. A.; Haaland, A.; Scherer, W.; Verne, H. P.; Volden, H.
V.; Gundersen, S.; Geisberger, M.; Fischer, R. W. Unpublished results,
1994.

(61) Herrmann, W. A;; Correia, J. D. G.; Kiihn, F. E.; Artus, G. R. J.; Rom3o,
C. C. Chem. Eur. J. 1996, 2, 167.
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4683. (b) Sundermeyer, J. Angew. Chem. 1993, 105, 1195; Angew.
Chem., Int. Ed. Engl. 1993, 32, 1144. (c) Pestovsky, O., v. Eldik, R.;
Huston, P.; Espenson, J. H. J. Chem. Soc., Dalton Trans. 1995, 133.
(d) Schroder, D.; Fiedler, A.; Herrmann, W. A.; Schwarz, H. Angew.
Chem. 1995, 107, 2714; Angew. Chem., Int. Ed. Engl. 1995, 34, 2636.
(e) Hatzopoulos, 1.; Brauer, H.-D.; Geisberger, M.; Herrmann, W. A.
J. Organomet. Chem. 1996, 520, 201.

(63) Abu-Omar, M. M.; Hansen, P. J.; Espenson, J. H. J. Am. Chem. Soc.
1996, 118, 4966.

(64) (a) Herrmann, W. A; Fischer, R. W.; Marz, D. W. Angew. Chem. 1991,
103, 1706; Angew. Chem., Int. Ed. Engl. 1991, 30, 1638. (b) Herrmann,
W. A.; Fischer, R. W.; Rauch, M. U.; Scherer, W. J. Mol. Catal. 1994,
86, 243. (c) Al-Ajlouni, A. M.; Espenson, J. H. J. Am. Chem. Soc. 1995,
117, 9243. (d) Herrmann, W. A. In Organic Peroxygen Chemistry;
Herrmann, W. A., Ed.; Springer-Verlag: Berlin, 1993; Vol. 164, p 130.
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compound as adducts with a donor ligand L (L = H,O
(71a), O=P(N(CHa)2)3 (71b)).%° If each peroxo group is
considered a coordinative unit, the molecular structure
of complex 71a,b can be described as a trigonal bipyra-
mid. In the gas phase the molecule is not coordinated
with an additional ligand L (71).5° 7O NMR experiments
showed that 71a,b exchange their ligand L rapidly in
solution*#®! and are in equilibrium with the noncoordi-
nated form 71 (eq 10). The ligand free complex 71 has a

CH CH
0 3 0 3
\]_-0 NI
0///ne</ - g/nej/ + L (10
7 ™o
! 0
L= H,0 (71a) 7

L = OP(N(CzHs)2)3 (71b)

trigonal pyramidal structure, with significant shorter Re—O
and Re—C bond distances than in 71a,b. This is very likely
due to the enhanced Lewis acidity of the free complex 71.
Experiments with the isolated complex 71a have shown
that it is an active species in oxidation catalysis, e.g., in
the oxidation of olefins.>® In situ experiments indicated
that the reaction of 1 with 1 equiv of H,O, leads to a
monoperoxo complex (72) according to eq 9. This
complex is also catalytically active in certain oxidation
processes.??~71 Unfortunately it has not been possible to
isolate complex 72. Several mechanistic studies have been
published, describing the coordination of hydrogen per-
oxide to 1, the behavior of 71 in the gas phase, the
photochemical and photophysical behavior of 71, and the
decomposition of 71 and 72.62c¢

Compounds 71 and 72 are responsible for the catalytic
oxidation of alkenes,% alkynes,5 aromatic compounds,
sulfur compounds,®” phosphines, arsines, and stibines,
amines and other organonitrogen compounds,® halide
ions,”® and oxygen insertion in C—H bonds.”* This has
been shown by in situ UV/vis, NMR, GC/MS, and IR
spectroscopy.t4-71

Other methylrhenium oxides, e.g., (CH3),ReO (60), also
form 71 in the presence of excess H,0,.54° Alkyl- and
alkenylrhenium oxides of type | form similar active
species, but they are not as stable as 71.5264° Lewis base
adducts of 1 and intramolecular base adducts (e.g., 14)
show catalytic activity in the olefin oxidation. 64 Their
activity is lower than in the case of 1/71, but the selectivity
toward epoxides is higher.

It has been shown that 71 also act as an active species
in the Baeyer—Villiger oxidation and in the Dakins
reaction.5%¢’2 These reactions involve nucleophilic oxida-
tion at the carbonyl group in contrast to the electrophilic
nature of the above-mentioned oxidations, e.g., in the
olefin epoxidation. This reversed behavior, which was

(69) (a) Zhu, Z.; Espenson, J. H. J. Org. Chem. 1995, 60, 1326. (b) Murray,
R. W.; lyanar, K.; Chen, J.; Wearing, J. T. Tetrahedron Lett. 1996, 37,
805.

(70) (a) Espenson, J. H.; Pestovsky, O.; Huston, P.; Staudt, S. J. Am. Chem.
Soc. 1994, 116, 2869. (b) Hansen, P. J.; Espenson, J. H. Inorg. Chem.
1995, 34, 5389.

(71) Murray, R. W,; lyanar, K.; Chen, J.; Wearing, J. T. Tetrahedron Lett.
1995, 36, 6415.

(72) (a) Herrmann, W. A.; Fischer, R. W.; Correia, J. D. G. J. Mol. Catal.
1994, 94, 213. (b) Abu-Omar, M. M.; Espenson, J. H. Organometallics
1996, 15, 3543.

surprising to us on the first glance, may be due to
substrate binding to rhenium.

Aldehyde Olefination and Related Reactions. Alde-
hydes, treated with diazoalkane in the presence of an
equimolar amount of a tertiary phosphine and 1 as
catalyst, afford an olefinic coupling product in good
yields already at room temperature according to eq 11.7%

1 H 1
R ca. BN

N / H
g Ot o=c\R3+ PCaHg == c=c’Ra + Ny + 0=P(CeHs)s  (11)

It has been shown by in situ spectroscopy and isola-
tion and crystallization of the reaction product of 1
with tertiary phosphines (see Scheme 12) that Re(V)
species act as catalysts in this process. Ligand- or solvent-
stabilized methyldioxorhenium(V) seems to be the key
compound.’1547 |n situ generated methyldioxorhenium
is also able to successively abstract oxygen atoms from
the notorious sluggish oxidation agent perchlorate.”® The
deoxygenation of epoxides, sulfoxides, N-oxides, triphen-
ylarsine oxide, and triphenylstilbene oxide at room tem-
perature is also catalyzed by 1 with triphenylphosphine
as oxygen acceptor.”3®

Other organorhenium oxides form less active catalysts
for aldehyde olefination. Starting with the results gained
with 1 as catalyst precursor and a Re(V) species as active
catalyst, it was found that trichlorooxorhenium(V) and
derivatives are very active aldehyde olefination catalyst
precursors, even more active than 1.2’ In contrast to
the oxidation catalysis with organorhenium oxides, the
presence of a rhenium—carbon bond seems not to be
crucial for this process.

Olefin Metathesis. The system Re,0;/Al,0; is an
effective heterogeneous catalyst for carrying out olefin
metathesis under mild conditions. Its activity can be
further increased by the addition of tetraalkyltin com-
pounds.” Tin-containing cocatalysts are essential for the
metathesis of functionalized olefins.”® These observations
triggered the synthesis of methyltrioxorhenium (1) via eq
2 in our group. It was then discovered that 1 and other
organorhenium oxides of formula (#*-R)ReO; on an acid
metal oxide support form metathesis catalysts that are
active without additives even for functionalized olefins.”®
Standard supports are Al,03—SiO;, or Nb,Os. The activity
is related to the surface acidity.”” A high metathesis
activity is observed when 1 is chemisorbed on the surface.
No evidence for a surface carbene species was obtained,
but there appears to be a correlation between the catalytic

(73) (a) Herrmann, W. A;; Wang, M. Angew. Chem. 1991, 103, 1709; Angew.
Chem., Int. Ed. Engl. 1991, 30, 1641. (b) Zhu, Z.; Espenson, J. H. J.
Mol. Catal. 1995, 103, 87. (c) Abu-Omar, M. M.; Espenson, J. H. Inorg.
Chem. 1995, 34, 6239.
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1996, 511, 299. (b) Herrmann, W. A.; Rauch, M. U.; Artus, G. R. J.
Inorg. Chem. 1996, 35, 1988.
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1977, 198. (c) Mol. J. C., Woerlee, E. F. G. Ibid. 1979, 330. (d) Mol.
J. C.J. Mol. Catal. 1982, 15, 35.

(76) Herrmann, W. A.; Wagner, W.; Flessner, U. N.; Volkhardt, U.; Komber,
H. Angew. Chem. 1991, 103, 1704; Angew. Chem., Int. Ed. Engl. 1991,
30, 1636.

(77) (a) Buffon, R.; Auroux, A.; Lefebvre, F.; Leconte, M.; Choplin, A.;
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activity and the presence of an alkyl fragment on the
surface.’®’” The carbene species whose presence is
implied in the catalytic cycle seems not to originate from
the methyl group of 1,7 but new experimental evidence
is needed to clarify the remaining questions, such as the
oxidation state of the Re center after heterogenization. It
was also possible to encapsulate 1 in zeolite, maintaining
its metathesis activity. IR and EXAFS data indicate that
the structure of 1 remains unchanged while it is anchored
by hydrogen bridges to the zeolite oxygens.”®P There is
evidence that the loading level of 1 corresponds to four
molecules per supercage of zeolite Y.78¢

Ring-opening polymerization is catalyzed by the ho-
mogeneous catalyst 1/R,AICl;—, (R = CH3, CoHs, n = 1,
2). Asin the case of the heterogeneous olefin metathesis,
the reaction can be performed at room temperature.’

Beneath the above-mentioned type | molecules, other
alkylrhenium oxides and related inorganic compounds
catalyze the olefin metathesis, t00.”° (CHz)4(1-O2)O2Re;
(60) can be activated by AICI; and forms an active catalyst
system for the homogeneous metathesis of unfunction-
alized olefins. (CH3)sRe,O3 (55) is active only in the
presence of both AICI; and Sn(CHg3)s. (CH3)3ReO; (41) is
active in both the homogeneous and heterogeneous
phases, but as in the case of 55 and 60 it is more
stereoselective and less active than 1. In homogeneous
reactions this behavior is even more pronounced. The
lower activity and higher selectivity may be due to greater
steric problems in the case of 41, 55, and 60 and the lower
Lewis acidity of the Re(VI) centers.”

Other Applications. There are some other catalytic
applications of organorhenium oxides, mainly of com-
pound 1, which have not yet been examined in great
detail. Complex 1 enhances the Diels—Alder reactivity of
unsaturated CC compounds.t®® Furthermore, in the pres-
ence of 1 catalytic alkoxylation of cyclohexene with sec-
ondary and tertiary alcohols can be performed. The cata-
lyst can cause disproportionation of epoxides, yielding
unsaturated compounds and diols.®%® A third new ap-
plication is that catalytic amounts of 1 with ethyl diazo-
acetate convert aldehydes and ketones to epoxides and
aromatic imines to aziridines. The presence of an oxy-
ethylidene type active species, analogous to 72, is
proposed.8%°
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Conclusions

Organorhenium oxides can now be regarded as one of the
best examined classes of organometallic compounds.
Chemical examinations supported by a broad variety of
spectroscopic, analytic, and structural methods helped to
uncover the multitude of chemistry and properties of
these complexes. The results clearly show the strong
interdependence of properties, applications, and seem-
ingly small physical and structural changes of closely
related derivatives. The knowledge which has been ac-
cumulated in the field of the organorhenium oxides is also
fruitful ground for the whole high-oxidation-state transi-
tion-metal chemistry. Our broad knowledge on methyl-
trioxorhenium(VII) (1) will not only pave the way into the
chemistry of other metals, e.g.,, O=0s(CHj3),,% but also
fertilize the development of related compounds with
“bare” (thus sterically unpretentious) ligands like nitrogen.
As a matter of fact, only very few organometallic nitrides
are known, e.g., N=Mo(CH,But);,%? with the latter being
promising candidates in the preparation of novel catalysts
for ammoxidation.® It appears that the structurally most
simple organometallic compounds still warrant intense
efforts to become known and understood.
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