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One of the first descriptions of catalysis by the
New York Times, June 8, 1923

“Catalysis, that strange principle of chemistry
which works in ways more mysterious and inexplicable
than almost any other of the many curious phenomena of science”
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KURZZUSAMMENFASSUNG

Die katalytischen Eigenschaften von hochvalente Rheniumkomplexen wurden in der
Epoxidation, Metathese sowie Dehydrierung untersucht. Durch die Modifikation des
organischen Liganden von Aryltrioxorhenium Verbindungen konnten eindeutige Struktur-
Reaktivitats-Beziehungen festgestellt werden. Anhand von Ethyltrioxorhenium werden
exemplarisch Abbauwege dieser Substanzklasse aufgeklart, sodass Anforderungen an die
Struktur von neuen und stabileren Alkyltrioxorhenium Verbindungen bestimmt werden
kénnen. Neben organometallischen Verbindungen wird die Aktivierung von Rheniumheptoxid
durch die Reaktion mit aromatischen Losungsmitteln untersucht. Hierbei kann gezeigt
werden, dass sich gemischt-valente Nanopartikel bilden, die die aktive Spezies in der
Dehydrierungsreaktion darstellen wobei Rheniumheptoxid komplett inaktiv ist. AbschlieRend
wir die Relevanz dieser Erkenntnisse dargestellt, denn Rheniumheptoxid wird in diversen

katalytischen Reaktionen unter ahnlichen Bedingungen eingesetzt wird.



ABSTRACT

The catalytic performance of high valent rhenium compounds is assessed in epoxidation,
metathesis and dehydration reactions. For aryltrioxorhenium compounds, the donor strength
of the organic moiety is altered and direct structure-reactivity relationships are identified.
Using ethyltrioxorhenium, the decomposition pathways for alkyltrioxorhenium compounds
(except methyl) are assessed in order to develop new and more stable catalysts. Beside
organometallic compounds, the mechanism of the activation of rhenium heptoxide by
aromatic solvents is investigated showing that mixed-valence rhenium nanoparticles are
formed. These nanoparticles are the active species in dehydration reactions whilst the binary
oxide is completely inactive. An outlook on the relevance of this finding is given as rhenium

heptoxide is applied in various other reactions using similar reaction conditions.
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1. Discovery of Rhenium

For centuries, chemists have tried to find a “natural order” of all known substances, in order to
understand their reactivity and discover new elements. In 1869, the major breakthrough was the
discovery of the periodicity of physical (e.g. atomic volume) and chemical properties (e.g. valence) of
the elements independently by the Russian Dmitri Ivanovitch Mendeleev[1] and the German Lothar
Meyer[2]. Both developed the predecessors of the current periodic table by ordering the elements
according to their respective mass and, in contrast to their predecessors, assigning them to groups
with respect to their properties. In the case of discrepancies in the periodicity of known substances,
they left gaps in the periodic table predicting the existence of undiscovered elements. In contrast to
Meyer, Mendeleev went even further and estimated the physical and chemical properties of some
unknown elements by interpolation of the respective elements above and below the sought one
(Figure 1).[3, 4] The preciseness of these predictions led to the fast discovery of eka-boron, eka-
aluminum and eka-silicon, namely scandium (Nilson, 1879)[5], gallium (De Boisbaudran, 1875)[6] and
germanium (Winkler, 1886)[7]. The successful application of the periodic table led to the general
recognition of Mendeleev as the “inventor” of the modern periodic table, despite other scientists like
Meyer or Odling (to name a few) contributed to that field significantly.[3, 8]
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Figure 1: The revised periodic table by Dmitri I. Mendeleev published in his book Osnovy Khimii (Principles of Chemistry) in
1871.[9] (Creative Common License)

However, it took additional 39 years to isolate and identify the last stable element and, importantly,
publish these findings in internationally recognized journals. In 1925, Ida Tacke (later Noddack) and
Walter Noddack obtained a sample of approximately 20 mg containing 5 % of dwi-manganese and
possibly 0.5 % of eka-manganese from 1 kg of columbite.[10] They identified the elements by means
of X-ray spectroscopy and named the elements rhenium (according to the river Rhine) and masurium
(according to Masuren, the homeland of W. Noddack), respectively. However, the question arises why
it took that long to isolate the last unknown stable element. Retrospectively, previous attempts by
several other researchers were destined to fail, as they believed in a chemical similarity of eka- and
dwi-manganese with its superposed congener manganese.[11, 12] The Noddacks applied the diagonal
relationship for the 2" and 3™ row in the d-block elements and assumed a chemical similarity to
chromium and molybdenum instead. That innovative application of the periodic table made it possible
to predict the chemical behavior and finally concentrate the new elements from samples despite the
extremely low concentration of 2 x 107 (rhenium in columbite) and 8 x 107 wt% (platinum ores) [13].



Following their publication on the discovery of rhenium, a heated debate concerning the correctness
of the results flared up. Prandtl[14] and Zvjaginstsev[15] proclaimed the complete absence of the
disputed elements in columbites and platinum ores. A British group (Druce and Loring)[16] and Czech
scientists (Heyrowsky, Dolejek)[17] claimed the presence of rhenium in salts of manganese, which
stands in contrast to the assumed diagonal relationship of the physico-chemical properties of the
higher congeners of manganese. In response, the Noddacks applied the published extraction
procedure of Loring and Druce on several commercial manganese salts and demonstrated the absence
of detectable amounts of the dwi-manganese. They went even further and stated that the applied
procedure is not suitable for isolating rhenium but to ensure the removal of even traces of the desired
elements.[18] The dispute was settled as the German researchers were able to isolate 1 g of pure
rhenium in 1929[19], so that it is officially included in the list of elements by the “Deutsche
Atomgewichts-Kommission” in 1930.[20] Finally, Heyrowsky proved wrong the presence of significant
amounts of rhenium in manganese salts. In their initial publication, he applied the new technique of
polarography to identify the element. Using pure samples of potassium perrhenate, he was able to
assign the observed signal to impurities. He demonstrated that even traces of > 1 ppm Re result in a
characteristic signal induced by the deposition of catalytically active rhenium on the used dropping
mercury cathode rendering the method “a sensitive Test for the Absence of Rhenium in Manganese
salts”.[21] Despite these findings, Druce stuck to his claim to have isolated the element from
manganese salts as published in his book “Rhenium” from 1948.[22] A verification of these results is
not possible nowadays as the original raw materials are not available and manganese salts had a lot of
fluctuating impurities by that time.[23] Therefore, there are still several publications citing both the
raw materials used by the Noddacks and manganese salts as initial rhenium source, despite the
negative results by Heyrowsky and the scarce abundance of rhenium in the latter feedstock.[23]

Another twist of history occurred as the element rhenium had been isolated prior to the Noddacks, by
the group of Masatake Ogawa in 1908.[24] He was able to separate a sample from thorianite
containing a “new element” as suggested by unidentified bands in the optical spectrum. His findings
were published describing physico-chemical properties and suggesting the name “Nipponium”
(Np).[25] However, a distinct assignment of the element in the periodic table failed since the
characterization by X-ray spectroscopy was not invented yet.[26] Due to the low amount of sample
and its low purity, he determined gravimetrically an atomic mass of 100 assigning the newly found
element to the gap between molybdenum and ruthenium. Due to Ogawa’s election to the President
of Tohoku Imperial University, the work was not continued until 1930 when he subjected his
Nipponium samples to X-ray spectroscopy. Finally, the measurement clearly showed that he found
rhenium instead of the assumed element with atomic number 43 (Tc). His sudden death in 1930
prevented the publication of the results, so that the real nature of Ogawa’s Nipponium was only
revealed in the late 20" century.[24, 27]

2. Rhenium: From feedstock to application

Rhenium is one of the rarest elements with an abundance of < 1 ppb in the earth crust.[28-30] Two
rhenium containing minerals are known, rheniite (ReS,), found in hot-gas fumarols of the volcano
Kudriavy in Russia[31] and tarkianite discovered in the Hiture Nickel Mine in Finland.[32] Even though
both minerals contain high amounts of the rare element, they are of no industrial relevance due to
their extremely low abundance. The current production of rhenium is focused on its recovery from flue
dust obtained from roasting molybdenite or as a by-product from the recovery of molybdenum from
porphyry copper deposits.[33, 34] These feedstocks contain relatively high amounts of rhenium as it
substitutes molybdenum isomorphically.[35] Very recently, a new deposit of rhenium has been
identified in wolframite in Russias far east with a relatively high rhenium content of 2.9 — 3.5 %.[36]



Other sources with contents of at least 1 ppm Re like uranium deposits and gadolinite are of low
relevance.[37]

Table 1: Known deposits of rhenium with a content of at least 1 ppm.[38]

Rhenium deposits Formula Rhenium content
Rheniite ReS; 74 %

Tarkianite (Cu,Fe)(Re,M0)4Ss 49-56 %
Molybdenite MoS; <10 ppm-11.5%
Wolframite (Fe,Mn)(W,Nb,Re)0, 29-35%
Castaingite CuMo,Ss uptol%
Uraninite uo, upto 0.27 %
Gadolinite Y2Fe?*Be,Sir010 up to 1 ppm

As the production of rhenium is strongly linked to the copper and molybdenum production, it is a
typical “by-product metal”. Consequently, its price is a good indicator for incisive political events and
the development of new applications. The absolute values of the here presented prices (Figure 2)
should be handled with care as most of the rhenium is traded in long-term contracts between the
producer and customers.[35] In 1925, the costs for the first gram of rhenium are estimated to 15000
S. However, the price soon dropped significantly due to the first technical preparation from
molybdenite developed by W. Feit.[39]
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Figure 2: Price development of rhenium from 1966 to 2019 as obtained from Naumov[35], US Geological Survey (USGS)
(Polyak)[40] and BASF Catalysts metal price (US)[41]. Between 2011 and 2013, the BASF metal prices are omitted, as they are
kept constant during the Lehmann crisis.

After the Second World War, the price was quite constant between 1300 and 1500 $/kg as its main
application was in the relatively small marked of alloys for the jackets of fuel elements in nuclear
reactors.[35] The first significant increase is observed in 1970, due to the first oil crisis. Even though
first experiments using rhenium as catalysts had been carried out already by Fischer and Tropsch in
1930 [42], it took additional 40 years until the first large scale application was developed. Chevron Inc.
and Universal Oil Products Inc. were the first companies which apply a highly efficient platinum
rhenium catalyst for the production of high-octane lead-free gasoline.[28] The price decreased to
450 S/kg in 1978 due to the dwindling oil prices and increased production. A similar trend was
observed for the Second Qil Crisis in 1979 with a peak price of 3430 $/kg (USGS) in 1980.



After 1987, the prices rose again as rhenium alloys were found to be excellent heat-resistant alloys for
turbine blades jet aircraft engines.[35] The new application would have driven the price strongly as
high amounts were needed for the production of modern jets. However, the market was flooded with
rhenium by the disintegration of one of the largest producer, the Soviet Union. Within the next decade,
the development of new technologies in jet blades (1999, 2003 and 2006)[43] and the need for more
efficient airplanes resulted in extremely high prices of over 10000 $/kg.[28] However, the Lehmann
Crisis in 2009, increasing exploitation of rhenium sources and recycling from catalysts and scrap alloys
stabilized the price at approximately 2800 S/kg.[38, 43-45]

Others
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Figure 3: Industrial applications of rhenium (2017).[28] Superalloys: Ni-based alloys for high temperature purposes. Others:
Mainly W-Re and Mo-Re alloys.

Currently (2017), rhenium is mainly applied in nickel based “superalloys” despite its high costs (Figure
3). They constitute 83 % of the usage worldwide due to their pronounced hardness and stability,
especially at high temperatures.[46, 47] The rhenium content varies from 3 % (2" generation) to
nowadays 6.4 % (6 generation).[46] The main applications are turbine blades for aerospace and gas
turbines, as well as heat shield for the reentry of spacecrafts and in nuclear reactors.

The second major field of application are catalysts for industrially relevant heterogeneous processes:

- Rheniform process: Chevron Research Ltd. developed a bimetallic platinum rhenium catalyst
on a porous carrier material for the refinement of low value alkanes to high-octane aromatic
compounds.[48-52] The catalyst is superior to the previously applied Pt catalyst due to a higher
thermal stability, higher selectivity towards desired fractions and its resistance against sulfur
poisoning.

- Olefin metathesis: High activities even at low temperatures are achieved using Re;O; on a
y-alumina support for the production of both, low and high weight olefins, depending on the
current demand.[53-55] Other applications include the production of polymers via Ring-
Opening Metathesis Polymerization (ROMP) or the synthesis of fine chemicals as the fragrance
Globanon® (cyclohexadecenone).[56] By addition of (Me)sSn, the reactivity of the catalyst is
enhanced so that also functionalized olefins like fatty acids are reacted.[57]

- The selective oxidation of primary alcohols is achieved using rhenium thin films or oxides on a
carrier material giving the important solvent dimethoxymethane from methanol.[58-60] The
major advantage to the state of the art industrially applied process, the catalytic distillation, is
the circumvention of formaldehyde as raw material.[61, 62]



- Application as co-catalyst or promotor in e.g. the Fischer-Tropsch process combined with a
cobalt catalyst[63, 64] and the epoxidation of ethylene combined with silver.[65]

Other applications (Figure 3, others) are tungsten and molybdenum based alloys featuring high melting
points, high wear resistance, chemical stability and resistance against arc erosion. Therefore, they are
applied in thermocouples (up to 2200 °C), in electrical contacts or as ignitor wires in photoflash bulbs
for photography.[66] For chemists these materials are of high importance as they are applied in
filaments of mass spectrometers and as targets in X-ray tubes.[66]

Beside its application in catalysts or materials, rhenium based radiopharmaceutical compounds are an
emerging field. Rhenium has two isotopes of interest, Re-186 (t1> = 3.68 days) and Re-188 (ti; =
16.98 h). Both are B~ emitters with an energy of 1.07 MeV and 2.12 MeV and ay component of 137 keV
(9 % abundance) and 155 keV (15 % abundance), respectively.[67] Therefore, both isotopes are
suitable for a theranostic approach, whereat the B~ emission accounts for the therapeutic effect and
the y component for monitoring by SPECT (Single-photon emission computed tomography). The
application of Re-186 is limited as it is produced in nuclear reactors by neutron capture from Re-
185.[68] In contrast, the isotope Re-188 is easily accessible via W-188 generator. Currently, the
production of the mother nuclide is limited to three high flux reactors (at least 10%°> n. cm™ s1),[69]
whereat the most powerful reactor in Germany, the FRM-II at Garching bei Miinchen (8 x 10*n
cm?s?), would be also a potential source.[70, 71] Since the Re-188 generator is reasonably available
only for about 20 years, the research of rhenium based radiopharmaceuticals is relatively new.
However, a rapid development is observed in that research field with several compounds ready for
clinical trials due to the similarity of its chemistry to its lighter homologue Tc.[67, 72, 73]
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Figure 4: Most common motifs for rhenium based radiopharmaceuticals like Re(V) oxo compounds with N- or S-donors like
dithioethane derivatives and the established MAG3s (mercaptoacetyltriglycine) ligand or Re(l) tricarbonyl compounds (L = N-
or O-donors, or (L); = n°-cyclopentadienyl derivatives).[74, 75]

Hot! perrhenate is directly obtained from the W-188 generator and applied in combination with sulfide
colloids for the treatment of rheumatoid diseases.[73] However, the most common motifs are
obtained by reduction of perrhenate giving low valent rhenium compounds inspired by previously
developed technetium compounds.[74, 76] The first class bears a rhenium(V)oxo core which is ligated
by S- or N-donors. Re-DMSA (Dimercaptosuccinic acid, Figure 4, left — R=COOH) is applied for
medullary thyroid carcinoma[74] and Re-HEDP (hydroxyethylidene bisphosphonate) for the palliative
treatment of bone metastasis[77]. Other selective treatments for cancer are developed using
monoclonal antibodies (mAbs) in which the radioactive rhenium is attached either unselectively
(bonding to sulfide groups in the antibody) or via complexation by ligands like MAG;s (Figure 4, center)
and consecutive ligation to the mAb.[74, 78] The second class bears a Re(1)(CO); core (Figure 4, right)
whereas the selectivity to various types of cancer is modulated by the remaining ligands (L).[79] Similar
to the first class, ligands bearing a bisphosphonate are applied for the palliative treatment of bone
metastasis. An attachment to mAbs is obtained via chelators bearing N- or S-donors or via
functionalized Cp moieties.[75] The major advantages of the Re(l)(CO)s core are its high chemical
stability and the facile synthesis of the compounds as they are obtained by replacement of labile aqua

! Radioactive perrhenate



ligands from the reactant fac-[Re(CO)s;(H,0)s]. More recently, anticancer agents using “cold” rhenium
are developed.[80] These compounds are mainly based on the Re(1)(CO)s core and mostly exhibit photo
luminescent properties facilitating the elucidation of their mode of action by in-vivo fluorescence
spectroscopy[81] or the development of light-induced anticancer agents which are activated in-vivo by
irradiation with visible light applicable in the photodynamic therapy.[82]

3. The Chemistry of Rhenium Oxides

As implied by its position in group 7 of the periodic table, rhenium exhibits a rich redox chemistry with
oxidation states from -lll to +VIIL.[83] In contrast to manganese, the oxidation state +II is very
uncommon and high valent species are much more stable. The oxides are of high importance as they
are the most common precursor for catalyst preparation or the synthesis of metalorganic compounds.
The chemistry of the oxides with rhenium in the oxidation state +IV, +VI and +VIl is well elaborated. In
contrast, very little is known on the instable and hardly accessible analogues in the oxidation states +lII
and +V (Table 2).

Table 2: Coordination geometries of rhenium in the known rhenium oxides in the oxidation states Il — VII. Important oxides
are printed in bold.[83-85]

R8207 ReO; Re205 ReOz Re203*2 Hzo
Oxidation state Vil VI \Y v [}
Coordination 4/6 6 6 6
number
Coordination Tetrahedral/ Distorted
distorted Octahedral tetragonal Octahedral amorphous
geometry .
octahedral pyramidal
. Vanadium .
Structure analogue - Perowskit . Rutil
pentoxide
Dark
Color Yellow Red Blue blue/black Black

3.1.Rhenium(VII)

The most prevalent oxidic rhenium compounds are in the oxidation state +VII with rhenium heptoxide
as its binary compound. Re;0y5 is a yellow powder with a melting point of 300.3 °C and can be distilled
without decomposition at a boiling point of 360.3 °C (ambient pressure).[83] The compound is very
stable in the presence of dry air, however, decomposes slowly upon contact to organic compounds or
traces of water. It is very hygroscopic und dissolves in water yielding perrhenic acid. Its salts, the
perrhenates, are very stable compounds due to their highly symmetric, tetrahedral structure (Figure
5, e)). The volatility of the oxide and stability of the perrhenates is exploited in the commercial
production of rhenium. The flue dusts from the copper or molybdenum production are roasted in a
stream of oxygen. The volatile oxides of rhenium or associated platinates like osmium are distilled off
and captured either on carbon filters or by wet dust trapping.[86] The separation of the platinates is
achieved by the fast and irreversible solvation of Re,07 even in acidic aqueous solutions. In contrast,
the latter compounds have to be trapped as hydroxide complexes in so-called “osmium-traps”
containing sodium or potassium hydroxide.[83] On a laboratory scale, high purity Re;07 is synthesized
more conveniently by oxidation of rhenium metal or lower oxides in a stream of oxygen followed by
multiple sublimation steps.

In the gas phase, rhenium heptoxide resembles a molecular species with a formula of Re;07.[87] Two
ReOQ, tetrahedra are interconnected by one bridging oxygen (Figure 5, b)). The Re-O-Re angle has been
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a point of discussion since early results by electron diffraction (GED) studies pointed to a nearly linear
conformation[88] in contrast to extensive studies on the vibrational spectra of Re,07 vapor.[89, 90] In
1992, Herrmann et al. reinvestigated the structure by GED and determined a bent structure with an
Re-O-Re angle of 143.6(9)°.[91, 92] Recently, this study was challenged by DFT calculations on a PBE-
GGA//def2-TZVP/scECP level of theory resulting in a nearly linear (179.3°) ground state structure. The
authors argue that the experimentally determined values (vibrational and electron diffraction)
resemble the molecule in an excited state as the experiments are conducted at elevated temperatures
(~300 °C for the vibrational determination and 230 °C for GED).[93] Own calculations using various
functionals, basis sets and methods for the treatment of relativistic effects result in various angles from
151.0° to nearly linear (see Appendix I). Even though the structure depends strongly on the selected
DFT method (due to a flat potential energy surface), all sophisticated methods (B2PLYP-D3/ZORA or
PBEO/ZORA) agree to a linear structure. However, the increase in symmetry results in a significant
lower contributions of the rotational entropy explaining the experimentally derived bent structure.
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Figure 5: a) Crystal structure of rhenium heptoxide consisting of distorted octahedral ReOg units interconnected by distorted
tetrahedral ReO4 units. (Re: blue, O: red; CC-BY 4.0 license)[94] b) Symmetric structure of Re,O; in the gas phase
(B97D3/SDD//SDD (Re), def2TZVP (0)). c) Schematic representation of a Re;O7 unit in the crystal structure. The tetrahedral
unit is marked red. d) Structure of dissolved Re;0; in donor solvents (L = MeCN, THF, DMF, ...). e) Structure of perrhenate
formed upon dissolution of rhenium heptoxide in water.

In liquid as well as quickly condensed rhenium heptoxide (white Re,07 — erroneously described as the
peroxide Re,0g in early literature)[95] the molecular structure is retained. In contrast, the crystalline
oxide exhibits a unique polymeric crystal structure with an equal number of tetrahedral ReO, units and
strongly distorted octahedral ReOg units.[96] The structure of solid Re;07 differs significantly from
other molecular metal oxides e.g. 0sO4, Tc:07 or Mn,0; which contain isolated molecules in solid
state.[83, 96] The structure of Re,0; consists of rectangular subunits of four polyhedrons, which are
interconnected through corners of the octahedrons (Figure 5 a)). The three-dimensional structure is



formed via layers with only oxygen-oxygen Van-der-Waals contacts. The Re-O bond distances range
between 165.0 — 174.2 pm (terminal) and 172.5—-216.0 pm (bridging).[97]

The oxide dissolves undecomposed exclusively in aprotic donor solvents like acetonitrile, THF or
dioxane upon formation of solvent complexes best described by the formula of L,ReO3(ReQ,) (Figure
5, d)). The single known exception are complexes with the solvent pyridine, which incorporate an
additional solvent molecule. It weakly coordinates to the ReO, moiety resulting in a distorted trigonal
bipyramidal structure. Due to the induced steric hindrance the Re-O-Re angle is decreased to
136.2(4)°.[98] A similar compound is formed upon contact with moisture, giving solid perrhenic acid
(H20)2Re207 whose chemical and physical properties differ significantly from aqueous perrhenic acid
HReOa(q). The structure of solid perrhenic is described representatively. Its ReOs core is coordinated
by two molecules of water (Re-O(H,0) = 221 pm) and a nearly symmetrical ReO, unit (r(Re-0O) terminal
= 173-177 pm and r(Re-0O) = 180 pm for L = H,0) with a linear Re-O-Re bond and a Re-O(Re0Q4) bond
length of 210 pm.[99] The asymmetric structure consisting of a positively charged ReOs; entity
coordinated by a negatively charged ReO, moiety is indicative for the reactivity of dissolved Re;0s.
Upon cleavage, one equivalent of the stable perrhenate is formed releasing a highly reactive [ReOs]*
moiety, suitable for the synthesis of metalorganic compounds (see 5.1). The intermediary formation
of the perrhenyl cation upon heterolysis of Re;0; has been proven by Herrmann et al. by trapping the
fragment with appropriate tridentate N- or S-donor ligands such as 1,4,7-triazacyclononane
(tcan).[100]
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Scheme 1: Stabilization of the ReOs* cation by 1,4,7-triazacyclononane in THF.

3.2.Rhenium(VI)

The most stable compound in the oxidation state +VI is the red glinting rhenium trioxide.[96] The first
developed methods for its synthesis are reacting either rhenium metal or Re(IV) oxide with Re;05 as
oxidant or the direct oxidation using oxygen (Scheme 2, (1.1 - 1.3)).[101, 102] The direct oxidation
using oxygen is highly dependent on its stoichiometry as discrepancies result either in over-oxidation
or in mixtures of rhenium metal, ReO, and the desired product. The solid-state reactions (1.2 - 1.3)
have very long reaction times and yield impure products due to the limited interface between both
reactants. Furthermore, the oxidation is usually incomplete as volatile Re;0; escapes the reaction
medium giving a product with the formal sum ReOs, with x=0-0.2.[101] The problems are
substantially reduced by repeated milling of the reaction mixture, stepwise addition of the oxidant
Re;0; or the application of closed reaction vessels like ampules.[101, 102] Higher reaction
temperatures in order to reduce the reaction time are not feasible as the oxidation states +VII, +VI and
+IV are in equilibrium, so that the product would decompose significantly at ~400 °C to the starting
materials Re;07 and ReO, (Scheme 2, (1.3) reversed).[83]

A more convenient method for its preparation is the thermal decomposition of solvent complexes of
Re;0; with ethers like DME, THF or dioxane (1.4).[103] These precursors are stable at room
temperature and therefore yield products of very high purity. Dioxane is the best choice as a suitable
precursor for ReOs is formed despite presence of water. In dried dioxane a complex is formed with the
formula L,Re,07 and in slightly wet dioxane solid perrhenic acid.[87, 104] The formation of ReOs starts
already at temperatures above 105 °C, whereas highest purities are achieved at 180 °C.[104] In order
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to obtain a product in very high purity for special purposes, ReOs is purified via a vapor transport
reaction in the presence of an excess of iodine at 370 °C.[96, 105]

301 °C
(11) 2Re + 30, —>  2ReO;

250 °C
(1.2) Re + 3 Re,07 7 ReO;

300 °C
(1.3) ReO, + Re,0Oy 3 ReO3

AT

(14) Re207(L)2 —_— 2 ReO3 + VOoC

Scheme 2: Methods for the preparation of ReOs with the respective reaction temperatures given in literature. (1.4): L = ethers
like THF, DME or dioxane; VOC (volatile organic compounds) summarizes the decomposition products of the respective ethers
like the respective ligands, aldehydes, oxalic acid or carbon oxides.[103]

The crystal structure of ReOs consists of polymeric octahedral ReOs subunits sharing the oxygen atoms
in all three directions in space (Figure 6).[106] The structure is derived from the perovskite CaTiOs
without the central calcium cation. Rhenium is aligned in the corners forming a cubic primitive cell and
the oxygen atoms are centralized on the edges. The structure is unique among the binary oxides of the
type ABs; like WOs3;, MoOs; or CrO; as these compounds form either polymeric chains of MO,
tetrahedrons (Cr) or (highly) distorted octahedrons (Mo and W).[83]

Figure 6: Crystal structure of a-ReOs. Re (blue) is arranged in a cubic primitive package and surrounded octahedrally by
oxygen (red). Obtained from Materials Project.[107] (CC-BY 4.0)

Despite its electron configuration of [Xe]5d?, the compound is diamagnetic as the valence electron is
located in a conduction band.[108] The oxide behaves like a metal and its resistivity increases linearly
with increasing temperature. At room temperature, its conductivity is roughly the same as for other
transition metals like Ti or Cr and only ten times lower than that of copper with a value of 5.5 x
10* Q'cm™.[96, 109] The band structure is investigated by optical reflectance. A free-electron-like
region is detected up to the sharp plasma edge at 2.3 eV (green) where interband transitions begin.
This explains both the red color and the metallic luster of the oxide.[110] Since the discovery of the
metallic properties of ReOs; in 1965, its perovskite like structure became an archetype for the
development of very important compounds. Examples include ferromagnetic compounds such as CusN
or SrRuOs, both used for data storage, the magneto-resistive (La.Sri.«)MnOs; used in sensors or the
superconducting YBa,Cus07.[111]

At room temperature, ReOs is very stable. It is insoluble in organic solvents, acids or weak bases.[83]
In strong alkalis, metastable green rhenates (ReO4*) are formed which dismutate into perrhenate and
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rhenium(1V) oxyhydrate. The equivalent in solid-state, the rhenium bronzes (Xi.,Re,O3 with X = Na, K
and 0 <y < 1), are stable conductors with a golden metallic luster (cubic modification) in analogy to the
well-known tungsten bronzes.[112] These compounds are of low importance due to the lack of reliable
synthetic protocols. More importantly, ReOs; forms hydrogen rhenium bronzes upon dissolution of
hydrogen into their crystal lattice.[113, 114] They are suggested to participate in the catalytic
hydrogenation using elemental hydrogen with both Re(VII) and Re(VI) as catalyst precursor.[115, 116]

3.3.Rhenium(IV)

The third stable rhenium oxide is formed in the oxidation state +IV. Its hydrate is synthesized in a
colloidal form by solvolysis of rhenium(lV) halides in water or the chemical or electrochemical
reduction of perrhenates.[117-119] After separation, the anhydrous blackish blue ReO; is obtained by
heating under exclusion of oxygen as they are easily oxidized at elevated temperatures.[117] A
straightforward synthesis is achieved by pyrolysis of NHsReO4 or the oxidation of rhenium metal.
Suitable oxidants are Re;07 at 600 °C, ReOs at 500 °C or elemental oxygen at 300-700 °C.[83, 96, 117]
Due to overoxidation, the obtained products usually have an approximate composition of Re0,,.[101]
High purity ReO; and single crystals are obtained by vapor transport using iodine or more conveniently
HgCl, above 900 °C.[120] Further elevated temperatures are disadvantageous as the compound
decomposes at 900 °C due to disproportionation into rhenium metal and Re;07.[83, 102]

Figure 7: The monocline a-ReO; (left) and the orthorhombic 8-ReQ; (right) modification of rhenium(IV) oxide. Obtained from
Materials Project.[121] (CC-BY 4.0)

Rhenium dioxide is the single binary rhenium oxide with two known low pressure modifications. At
temperatures below 300 °C, a microcrystalline powder of monoclinic a-ReO, is obtained. The
compound is isostructural to MoO, or WO, (distorted rutile) with corner sharing distorted ReOs
octahedrons.[122] The ReOs units are tilted by 38-50° resulting in short Re-Re distances of
249 pm.[123] At elevated temperatures, the orthorhombic modification B-ReO, is irreversibly
formed.[101, 123] The structure is very similar to its low temperature modification, however, the ReOs
units are not tilted resulting in elongated Re-Re distances of 261 pm (Figure 7 (right)). Both Re-Re
distances are akin to metal-metal bonds accounting for the conductive properties of both oxides. The
highest conductivity is determined for single crystals of the orthorhombic modification B-ReO, with
10* Q'cm™ which is only 5 times lower than for Re05.[122]

ReO; is insoluble in organic solvents, which is in analogy to its congener in the oxidation state +VI. In
aqueous solutions, one might suspect a higher solubility due to the facile formation of its hydrate.
However, most of the hydrate forms colloids and after filtration a maximal solubility of 10 mol L is
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obtained.[124] Even in a supercritical 1 M KClaq solution at 510 °C, only 2 x 10® mol L* are
achieved.[125] In a pH range between 2.2 to 8/9, the solubility is constant, indicating a low acidity of
the hydrate. At higher pH values, an increasing rhenium concentration is determined suggesting the
formation of hydroxide complexes. The dissolved rhenium(IV) oxides are relatively stable towards
oxidation as the concentration is independent towards the presence of oxygen even after 14 days of
exposure.[124] The corresponding anions, the rhenates (“rhenite”), are formed upon the reaction of
ReO; in strong fused alkalis. The formed compounds are very prone to oxidation and only isolated in
solid state.[96]

3.4.Rhenium(V) and (lll)
The chemistry of the oxides of rhenium in the oxidation state +V and +lll is less developed due to their
instability and synthetic inaccessibility. In the presence of oxygen, both compounds are oxidized
unselectively. In anoxic conditions, both binary oxides decompose upon dismutation (Scheme 3).

(21) 3 R9205 — 4 R602 + Rezo7
(22) 2Re,0O3#n(H,0) —> 3Re0, + Re + nH,0

(2.3) ReyOzaq) * 3H0 —> 2ReO(OH)yaq + Hy

Scheme 3: Decomposition of rhenium(V) and (Ill) oxide upon dismutation. For Re;03, only its hydrates are known with n = 2
or 3. In aqueous solutions, Re,03 reacts with water to Re(IV)oxide hydrate upon formation of hydrogen.

Re,0s is synthesized by the electrolytic reduction of perrhenate in 72 wt%/12 M sulfuric acid. The
obtained product is strongly contaminated by the electrolyte and its purification is compromised by its
decomposition, giving ReO, and Re;07 (Scheme 3 (2.1)). The chemical reduction of perrhenate is not
feasible as the products are very impure.[96] A crystalline sample can be obtained by carefully oxidizing
ReO,*H,0 with 1 % oxygen in nitrogen at a temperature of 80-200 °C and consecutive sublimation.[84]
The compound contains decomposition products, however, microcrystals of pure Re,0s are identified
using an electron microscope so that its crystal structure is determined by micro X-ray diffraction. The
measurement are of low quality due to constant decomposition revealing a vanadium pentoxide like
structure.[84]

Oxidic species with rhenium in the oxidation state +lll are more common than for +V. The black
amorphous hydrate is obtained in anoxic conditions upon hydrolysis of ReCls or the reduction of
NHsReO,4 with NaBH,4.[85, 126] The synthesis of the anhydrous oxide fails as the compound dismutates
to elemental rhenium and ReO, (2.2). Whereat no information is available on its solubility in organic
solvents, its water chemistry is well elaborated. In anoxic conditions, its solubility is more than 10 times
higher than for ReO, with a maximal concentration of 1.2 x 10° mol L. Exposure to oxygen increases
the rhenium concentration significantly, but mostly due to the formation of the very soluble
perrhenate.[124] The nature of the dissolved species is unclear, as it reacts with water forming
ReO(OH),aq) and H; (2.3). Therefore, the higher solubility of the oxide has to be also ascribed at least
partially to dissolved Re(1V) species.[124]

3.5.Rhenium Nanoparticles
The chemistry of bulk rhenium oxides is well established since the discovery of the element in 1925.
Since the beginning of the 215 century, the new field of (oxidic) rhenium nanoparticles (NPs) emerges
with various compositions, morphologies, synthetic strategies and applications. A comparison of the
published results is complicated as often the characterization of the NPs is incomplete and the articles
are focused on completely different topics in chemistry. Therefore, a distinct structure-property
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relationship as known for the bulk metal oxides cannot be given. In the following, all published results?
of rhenium (0) and oxidic nanoparticles are summarized in order to outline the importance of these
compounds.

The chemistry of supported rhenium NPs (Table 3) and isolated ones (Table 4) has to be discussed
separately. Supported Re NPs are easily obtained as they are formed by impregnation of the support
materials and consecutive calcination. For inorganic supports, the oxidation state of the metal is easily
adjusted as harsh conditions can be applied. Re(0) NPs are obtained either by thermal decomposition
of a Rey(CO)1p (T3.1-3) or impregnation with NHsReO, and consecutive reduction with elemental
hydrogen (T73.4-5). In the case of more instable supports like DNA (Deoxyribonucleic acid) or PAH
(Polyallylamine hydrochloride) the mild reductant NaBH, is applied (T3.6-7). Re(0) NPs are active in
catalytic reduction reactions of chromium(VI), nitro compounds, lignin derived phenols, succinic acid
and water (electrocatalysis). The metallic NPs can also be applied as SERS (signal enhanced Raman
scattering) probe for the detection of e.g. organic contamination in wastewater (T3.6-8). Beside the
here discussed monometallic rhenium NPs there are numerous reports on bimetallic NPs, especially
for platinum metals-Re alloy NPs in reforming catalysts[127-134] or Au-Re NPs for SERS[135, 136].

Oxidic supported NPs are obtained with Re in various oxidation states from +IV to +VII. The most
common precursor is NHsReO,, which is decomposed upon calcination at temperatures above 290 °C
(T3.12-16). These particles are active in oxidation reactions like the dehydrogenation of alcohols,
deoxydehydration (DODH) of diols or in the fragmentation of lignin or lignin derived phenols.

Table 3: Published supported rhenium nanoparticles ordered by the oxidation state of the metal. * Oxidation state as given in
the publication even though the synthetic method cannot yield Re(0). ** Oxidation state uncertain as the XPS narrow scan is
not given. *** Only the oxidation state +VII is identified by EXAFS/XANES. PTFE (Polytetrafluoroethylene), CNT (Carbon
Nanotube).

Oxidation Support . I Citation
Entry state Material Precursor  Synthetic Strategy Application
Thermal
T3.1 Re(0) PTFE Re»(CO)1o (290 °0) - [137]
Thermal
T3.2 NT: R - 1
3 CNTs 62(CO)10 (420 °C) [138]
Ordered . .
T3.3 mesoporous Re>(CO)10 Microwave irradiation Catalytl.c re.ductlon of [139]
aromatic nitro compounds
carbon
Wet impregnation(iag
Model f
13.4 v-Al,03 NHsReOs  and reduction re;’:;f:"l':?;”is"r [141]
(H, at 500 °C) g cataly
Wet impregnation and  Catalytic
T3.5 SiO, NH4ReO4 reduction hydrodeoxygenation of [142]
(H2 at 400 °C) guaiacol
Chemical Catalytic reduction of
T3.6 PAH NH4ReO4 o aromatic nitro compounds,  [143]
(NaBH4 at 0 °C)
SERS
Catalytic reduction of
Chemical aromatic nitro compounds
. D 1 1
13.7 NA NHaReO, (NaBH4 at RT) and Cr(VI) compounds, [144,145]
SERS
13.8 Phosphazene  KReO Thermal SERS (146]
. P 4 (up to 800 °C)

2 Scifinder: Search for scientfic publications with: “Rhenium AND Nano”, “Rhenium AND Nanoparticles”,
“Rhenium AND Nanocubes”, “Rhenium AND Nanowires”. Exception: Two Chinese papers are not included as no
translation is available (12.05.2020).
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Wet impregnation

Electrocatalytic hydrogen

T3.9 * Si-nanowires ReCl3*HCI . ) [147]
only evolution reaction
Wet impregnation and . .

13.10 Mesoporous ReCls reduction (M, at Cata_lytuc h\_/drogenatlon of [148]

Carbon o succinic acid

450 °C)
Mechanochemical

T3.11 +IV Lignin Re(CO)sBr  Lignin as stabilizer and - [149]
reductant

13.12 PTFE NHReO,  ermal - [137]

: A=Y (290 °0)

Sonication at 80 °C Catalytic photodegradation

T3.13  +VI** TiO, Re;(CO)1o  and calcination at Viep & [150]

N of toluene and acetone

480 °C
Wet impregnation Catalytic

T3.14 +IV, +VII SiO; NH4ReO4 calcination at 300 °C hyd.rodeoxygenatlon of [142]

guaiacol
Wet impregnation, Catalytic dehydrogenation
* %k %

73.15  +Vi Al20s NHaReO, calcination at 300 °C of alcohols [151]

Wet impregnation,
0, +IV, +VI, ReCls calcination and _— .

T3.16 VI Fe30q4 NH4ReOs reduction (H, at Lignin fragmentation [152]
450 °C)

T3.17 0, +lV, +VI TiO; NHzReO4 Wet impregnation Catalytic DODH of diols [153]

The synthesis of unsupported rhenium NPs is more challenging as most synthetic procedures lack
selectivity with regards to size distribution or oxidation state. Harsh conditions as thermal treatment
of Re(CO)yo leads to agglomeration (T4.1), requiring either special solvents like ionic liquids or capping
agents like 3-mercaptopropionic acid (3-MPA), polyvinyl pyrolidone (PVP) or hexadecylamine (HAD)
have to be applied (T4.2-3). In order to avoid high temperatures, isolated Re(0) NPs are conveniently
synthesized by decomposition of the precursor Re,(CO)i0 with pulsed laser or microwave irradiation.
Their activity has been tested in the catalytic hydrogenation of cyclohexene and the isomerization of
10-undecene-1-ol. In the latter reaction the oxidation state of the NPs (or at least the reacting surface)
is highly doubtful as high temperatures (200 °C) and aerobic conditions are applied.[154]

Very convenient synthetic protocols are available for NPs with rhenium in the oxidation state +VI. ReO3
nanocubes (NCs) are obtained in the controlled thermal decomposition of Re>0; dioxane or methanol
complexes. The crystal structure of these NCs is similar to its bulk congener with octahedral ReOg units
whereat rhenium is located on the corners of a cubic primitive cell. The NCs have a metallic character,
as the valence electron is located in a conduction band. Therefore, they possess a strong localized
plasmon resonance (LSPR) resulting in a very high extinction coefficient and a strongly enhanced
Rayleigh scattering for wavelengths surpassing the NCs size. The strong absorption is exploited in the
photocatalytic decomposition of VOCs in wastewater. The NCs have been shown to act as
photosensitizer and catalyst in the degradation of methyl orange, aromatic compounds and acetone
(T3.13 and T4.7). Another application of the NCs is a theranostic approach for the treatment of cancer
cells or implant related bacterial infections (T4.8-9). They concentrate in cells due to the EPR effect
(enhanced permeability and retention effect).[155] The incubated cells are easily detected in vivo
either by CT (computed tomography) and by photoacoustic spectroscopy facilitated by the high atomic
mass of Re and the LSPR, respectively. The therapeutic effect is achieved by irradiation with a NIR laser
(750 — 850 nm). Due to the LSPR, which results in a high extinction coefficient, the energy is efficiently
converted into heat and the cells decompose (photothermal therapy). Furthermore, a high selectivity
towards bacteria and malign tissue is induced by the pH dependent stability of the NCs towards
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oxidation: The compound degrades in healthy tissue (pH = 7.4) by oxidation and formation of soluble

perrhenate species but is stable in acidic (pH < 7) and hypoxic media like malign tissue.[156]

Table 4: Published isolated rhenium nanoparticles with and without capping agents in various oxidation states.! A clear
distinction is not possible due to the broad signal in the XPS narrow scan. NA (not available) CVD (Chemical vapor deposition).
[*] Published results obtained during this thesis.

Entry Oxidation Capping Agent Precursor Synthetic Strategy Application Citation
state
Thermal
Ta.1 Re(0) Re2(CO)1o (350 - 450 °C) - [157]
Microwave
T4.2 Re,(CO)1o irradiation, in ionic Catalytic hydrogenation [158]
liquids
Pulsed-Laser .
T4.3 3-MPA ;‘:?Eg()h decomposition i?)tﬂ::il:aatlitiml [154]
2\==0 (355 nm)
Chemical
T4.4 PVP or HDA R H - 1 1
or 82(C3 5)4 (Hz at 120 °C) [159, 160]
T4.5 ny! ReOs cvD - [161]
powder
Re;07- Thermal
T4. - 162
6 (dioxane)x (200 °Cin toluene) [162]
Catalytic
Thermal .
T4.7 Re,07 (250 °C in methanol) photodegradation of [163]
methyl orange
Thermal In vivo imaging and
T4.8 Re,07 o treatment of implant- [156, 164]
(250 °C in methanol) . .
related infections
. Model for the
Chemical intercalation of lithium
T4.9 Re,05 (100 - 260 °C with . . [165]
in rhenium based
ethers) .
electrode materials
. Chemical
T4.10  +IV, +Vil Gum arabic KsReClg (Hydrazine) - [166]
+11 - +IV3, Chemical
T4.11 L VIl K;ReClg (NaBH.) - [167]
KsReClg Chemical
T4.12 NA NH4ReO4 (NaBHs;at10-60°C) [168]
. Catalytic
Thermal/ chemical .
T4.13 0, +IV NH4ReO4 (180 °C in 1-octanol) dehydrogenation of [169]
alcohols
Chemical Catalytic DODH of
T4.14  +V-+VII NH4ReO4 (3-octanol at 180°C)  polyols [170]
Sodium
T4.15 NA b|s(2-ethylhexyl) NHaReOs Gamma |rrad|at|or‘1 or (171, 172]
sulfosuccinate or chemical (Flavonoids)
isooctane
T4.16 +il, +1V, NaReO Gamma irradiation - [173]
) +VI, +VII N
Chemical
+V, +VI, . . .
T4.17 oleic acid Re,0; (1-octadecene at Photoluminescence [174]
+VII X
200 °C)
Chemical
+V, +VI, . Lignin fragmentation %
T4.18 VI Re;07 (aromatic solvent at B-0-H model substrate [175]1*]

135 °C)
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The last group of isolated rhenium NPs contain rhenium in various oxidation states. The publication of
such NPs has two reasons: unselective synthetic procedures and/or imprecise determination of the
respective oxidation states.

The chemical reduction of K;ReCls using aqueous solutions/suspensions of both hydrazine and NaBH,4
yields NPs in the oxidation states between “+II - +IV” - +VII (T4.10-12). For the low oxidation states, a
range between +ll and +IV is given as a discrimination was prohibited by the quality of the XPS narrow
scan.[167] The low selectivity regarding the oxidation state of Re is explained by the various
consecutive reactions. First, the precursor is reactive in water so that several different solvation
complexes or ReO; are potential sources for the NPs.[176] Second, the workup of the NPs is conducted
under aerobic conditions so that a consecutive oxidation is not excluded. Third, the oxidation state
after the reduction is unclear. One author states that significant amounts of Re(lll) might be formed
during the reduction which consecutively dismutate or are reoxidized by oxygen yielding high valent
Re species.[166] Similar problems are encountered during the chemical reduction of ammonium
perrhenate (T4.13-14). The thermal decomposition of NHsReOs should yield Re(lV) oxide particles
which can be reduced further by reacting with the solvent 1-octanol. Despite of their reactivity in very
similar catalytic reactions (dehydrogenation of alcohols and DODH of diols), the published oxidation
states differ significantly. One group[169] states the formation of NPs with an oxidation state between
0 and +IV in contrast to an oxidation state between +V and +VII by a second group[170], using the very
same synthetic procedure and analytic techniques (XPS, XAS, EXAFS, XANES). One reason might be the
applied analytic techniques: Within this work it could be shown that strong X-ray irradiation reduces
oxidic rhenium compounds down to the oxidation state 0.

The third synthetic procedure for ReOx NPs is the reduction of perrhenates by gamma irradiation
(T4.15-16). Hydroxyl radicals are formed upon irradiation which consecutively reduce the Re(VIl)
precursor unselectively. Depending on the concentration of the precursor, radiation dose, flux and
time different particle sizes and oxidation states are obtained. Therefore, the technique might be
applied for the synthesis of tailored particles with the major drawback of the necessity of a Co-60
y-radiation source. However, a detailed discussion on the oxidation states is prohibited, as its
determination is conducted only by electronic spectra.

The last synthetic protocol is based on the inherent instability of Re;07. The obtained ReOy particles
are generally stable at ambient, aerobic conditions and consist of Re(lV), Re(VI) and Re(VIl). In the
procedure by Grzybowski et al., the olefin 1-octadecene is applied as reductant and the formed NPs
are capped and stabilized by oleic acid. The particles exhibit a tunable photoluminescence over the
entire visible spectrum, which is remarkable as such properties have been only achieved by
functionalized carbon nanodots.[174] The ReOy particles have partially a similar structure as the ReO3
NCs and therefore exhibit a LSPR. Extraordinary photocatalytic properties in the degradation of methyl
orange are observed with a higher efficiency as the current benchmark of TiO, NPs. A second synthetic
procedure for such NPs is developed during this dissertation and is discussed in detail in chapter 6.3.
In short, the decomposition of Re,07 in aromatic solvents yields ReOx NPs, which are the active catalyst
in the cleavage of a lignin model substrate, the catalytic dehydration of alcohols and the cleavage of
ethers.
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3.6.Summary of the Redox Chemistry of Rhenium
The chemistry of rhenium is characterized by its rich redox chemistry in line with its position in group
VIl of the PSE. Similar reactions are observed for bulk oxides and nanoparticles, however, the reaction
conditions differ strongly. Therefore, no reaction conditions are given in Scheme 4.

The compounds are easily transformed by dismutation reactions whereat reactions A and C are
reversible and the decomposition reactions of Re(V) oxide B and Re(lll) oxide hydrate D are irreversible.
The thermal decomposition of donor stabilized Re(VIl) oxide and NHiReO, yields Re(VI) oxide and
Re(1V) oxide, respectively. A further reduction is achieved with NaBH, yielding Re(lll) oxide hydrate or
elemental rhenium. The latter is only reported for the synthesis of nanoparticles. For the synthesis of
high valent rhenium oxides, elemental oxygen or their congeners in higher oxidation states can be
applied.

+ NH
+VIl [~ Re,07 < L, Re,07*L, ———29 » NH,Re0,

AT
w1

+V ‘Rezosl

c AT + ReO,

wo L

+ll -2 Re,04#(H,0), <

NaBH,
: B J

Scheme 4: Overview on the redox chemistry of oxidic rhenium compounds. The different oxides are converted into each other
via dismutation reaction (A-D) or by oxidation reactions using higher valent rhenium oxides or elemental oxygen (box, right).
Thermal decomposition of Re(VIl) compounds or reduction by NaBH, yield rhenium in lower oxidation states (top). Ammonium
perrhenate is given exemplarily. Stable (filled) and meta-stable (hashed) oxides are marked with their natural color.
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4. Metalorganic and Coordination Chemistry of Rhenium

Despite the late discovery of rhenium, its coordination and metalorganic chemistry is well established.
Whereat initial approaches in the development of molecular rhenium compounds have not been
systematic, seminal works of some researchers have opened up new research fields, which have been
studied in depth over the past decades.

Molecular rhenium compounds are isolated in a huge variety of oxidation states from -lll to +VII.[96,
177] The synthesis of low valent rhenium compounds has been a severe challenge due to the lack of a
suitable synthetic precursor. The picture changed when Walter Hieber developed the synthesis of
rhenium pentacarbonyl in 1941.[178] The compound is obtained by reductive carbonylation of
rhenium oxides or perrhenates at very high pressures of >360 bar giving varying yields or purities. In
1988, a more convenient method is developed by reductive carbonylation of NaReO, in methanol at
only 220 bar.[179] Treating Re(CO)s with strong reducing agents like alkali metals leads to the
formation of alkali pentacarbonyl rhenates(-1) or polynuclear carbonyl rhenate anions.[180] They have
been the singly known rhenium compounds in the oxidation state -l until 2020, when Abram et al.
obtained a second compound of this class bearing three carbonyls and two terphenyl isocyanide
ligands.[181] Much more common are rhenium carbonyl compounds in the oxidation state +1. The
firstly obtained derivatives are the rhenium pentacarbonyl halogen complexes[182] which are
excellent precursors for the synthesis of a huge variety of functional rhenium(l) compounds.[183-211]
Upon addition of Lewis bases like amines, pyridines, phosphines or NHCs highly stable compounds are
obtained with the formula L,Re(CO)sX whereat the halogen can be substituted consecutively by
addition of an additional Lewis base like pyridines or isonitriles.[79] Their properties are tailored by
careful selection of the respective ligands. Unique photophysical properties are obtained using ligands
like annulated pyridines or bipyridines[208-212] which are utilized as photosensitizer in solar
cells[212], as probes in medicinal chemistry as tracing agents or for the treatment of cancer, bacterial
infections and Alzheimer’s disease[204-207, 213-215] or for the photocatalytic and electrocatalytic
reduction of CO,[189-201, 216]. A second class of ligands which stabilize rhenium in the oxidation state
+| are n® bound arenes like benzene and cyclopentadienyl and their respective derivatives.
Functionalized dibenzene rhenium(l) complexes are highly stable and tailored substitutes for ferrocene
as internal standard in cyclic voltammetry or as building block for dinuclear metalorganic
compounds.[217, 218] The most prominent compound bearing a cyclopentadienyl ligand is CoRe(CO)3
firstly synthesized by Green and Wilkinson in 1958.[219, 220] Its commercial availability and easy
handling due to its high stability renders the compound a highly interesting (pre)catalyst for several
catalytic reactions. In most reactions the active catalyst is the oxidized compound CpRe(VII)Os which
is historically of high importance for the development of rhenium(VII) trioxo catalysts which will be
discussed in chapter 5.[221] The second major application of derivatives of (Cp)Re(CO)s is the
treatment of cancer due to their high stability and facile synthesis.[79, 203, 222].

Molecular rhenium compounds in the oxidation states +IV and +V are also very common and their
application is already elaborated. In both oxidation states, classic complex chemistry dominates the
literature with ligands like halogens, pseudo-halogens or N-/ O-donors. Organometallic compounds
are very rare and instable with the exception of NHC complexes using ligands like a particular bis-NHC
ligand with a functionalized methylene bridge developed in our group.[187, 223-226] Due to the d*
configuration of Re(1V), its molecular compounds reveal highly interesting magnetic properties. A giant
magnetic anisotropy is observed as soon as the octahedral symmetry of homoleptic complexes is
broken either by substitution of ligands, by crystallization or by application of a strong external
magnetic field.[227-229] The development of such compounds is a vital field as these compounds are
currently one of the best candidates for applicable single molecule magnets.[230-237] In contrast,
complexes with rhenium in the oxidation state +V are diamagnetic with a low-spin d? configuration.
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Beside some rare examples, these compounds comprise at least one oxo or amido moiety.[75, 225]
Their facile synthesis and high stability renders them highly interesting agents for the treatment of
cancer. Over the last few decades, a plethora of such compounds is synthesized and tested against
multiple different cell lines with the current research focus on tailoring properties like
photoluminescence and solubility.[82, 202, 224, 238-242] Beside their application in medicinal
chemistry, rhenium(V) complexes are useful in organic transformations and catalytic reactions. Some
are capable to activate small molecules like CO, and are applicable in e.g. chalcogen metathesis and
oxygen transfer reactions.[243, 244] In catalytic reactions like dehydration or DODH, alkyl or
cyclopentadienyl dioxo Re(V) are the active catalysts formed upon reduction of more stable Re(VIl)
precursors.[245-248]

Rhenium complexes in the oxidation state +II, +lll and +VI are very scarce.[96] The high valent
complexes are usually stabilized by +M donor ligands like alcohols, halogens and/or oxo moieties.[249-
254] In the absence of such ligands, extremely reactive compounds like hexamethylrhenium(VI) are
obtained.[255, 256] They are so dangerous that their developer, Prof. Wilkinson, released an
“Explosion hazard” note as they explode in the absence of air even at low temperature.[257] In
contrast, the low valent rhenium complexes should not be neglected as laboratory curiosity as it has
been shown within the last two years that they are capable to activate small molecules.[258, 259]
Compounds bearing a non-innocent pincer type ligand are of particular interest as it has been shown
that they can cleave the strong bond of dinitrogen and form ammonia electrochemically using
cobaltocene as cocatalyst.[260, 261] The development of such compounds is significantly facilitated
since very recently, Alberto and coworkers developed a suitable and easily accessible precursor, the
fully solvated [Re(MeCN)s]** complex.[262]
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4.1.Summary of the Metalorganic and Coordination Chemistry of Rhenium in the
Oxidation States +| - +VI
The most common oxidation states for molecular rhenium compounds are +l and +V. For intermediate
oxidation states (+Il - +V) mainly complexes are formed. High and low valent compounds usually
contain organometallic ligands. Most important applications are given in Figure 8, the respective

citations in chapter 4.
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Figure 8: Some examples or structural motifs of molecular rhenium compounds for the oxidation states +I - +VI. Abundance,
prevailing type of coordination compounds and application are given.

5. Rhenium(VIl)trioxo complexes

The chemistry of molecular rhenium compounds in the oxidation state +VII has been dominated by the
perrhenate anion or halogen complexes for a long time.[96] The first ester of perrhenic acid,
trimethylsilylperrhenate, is synthesized by Schmidt and Schmidbaur in 1959.[263] Its hydride followed
in 1964, when Ginsberg et al. unambiguously identified the compound as K;ReHs.[264] Starting from
the enneahydride, amine and phosphine hydrido Re(VIl) complexes are obtained, however, with
limited success.[96] The breakthrough in the development of high valent rhenium compounds has
been achieved by Herrmann et al. in 1984 when they have been able to synthesize Cp*ReOj3 by aerobic
oxidation upon UV irradiation of the respective carbonyl precursor.[223] Although it was not the very
first organometallic Re(VIl) compound bearing three oxo ligands, it was the first substance which
demonstrated that complex organic ligands can be stabilized at the maximally oxidized rhenium center
without decomposition.[265] The first synthesis of such a compound happened by accident, when
Beattie and Jones oxidized the highly sensitive ReOMe4 to methyltrioxorhenium (MTO) in 1978.[266]
The importance of that substance stayed unrecognized until Herrmann et al. identified it as the active
catalyst in metathesis reactions of industrially important olefins as it is formed quantitatively upon
mixture of rhenium heptoxide and tetramethyltin.[267] Their finding was achieved by the careful
review of the literature in heterogeneous catalysis, as Re;0; combined with the co-catalyst Sn(Me),
was known to be a highly active metathesis catalyst.[53, 268] By demonstrating both the stability of
organic ligands attached to a ReOs* core and the catalytic capability of resulting compounds, the main
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topic of this dissertation, the field of organyl trioxorhenium compounds and their applications is
opened up.

5.1.Synthesis of Re(VIl)trioxo compounds

Until now, a huge variety of rhenium(VIl) trioxo compounds have been synthesized and characterized.
They can be assigned to three subclasses depending on the organic substituent. The first class are the
18-e" complexes bearing a (substituted) cyclopentadienyl ligands. As long as the Cp ligand is sufficiently
sterically demanding, the most convenient synthetic routes start from its [Cp’Re(1)COs] predecessor
(Scheme 5).[245, 246, 269] The compound is either oxidized by aqueous hydrogen peroxide at reflux
[270] or ozone at -78 °C[271] in moderate yields or in a more complicated procedure using Mn,07 as
oxidant in high yields of = 80 %.[272]

R H,O R
@ CsH;/ ﬁi2o \.@

~

Re _ .Re
OC | 'CcOo S
cO © 0] ©

Scheme 5: Most convenient procedure for the synthesis of substituted Cp(Rx)ReOs. (R = any alkyl for x > 4 or bulky substituent(s)
forx<3)

Aryl trioxorhenium compounds are assigned to the second class and the alkyl derivatives to the third.
Due to the lack of reasonable Re(l) carbonyl precursors, different synthetic strategies have been
developed over the past few decades.[273] In order to synthesize such compounds a mild alkylation
agent is required in order to circumvent the reduction of the ReOs* core which results in the formation
of low valent rhenium species which autocatalytically decompose Re(VIl) species.[175, 274-276]

RSI’]R'3 R O’SnR‘3
THF | |
a) Re,O; —— > _Re. * _Re.
O 110 O 110
(0]
ZnR2 R
THF |
b) 2Re,0; — 2 _Re.  + Zn(ReOy4)*(THF),

Scheme 6: The tin (a)) and zinc (b)) route for the synthesis of alkyl or aryl trioxorhenium compounds. (R’ = usually n-butyl)

Two alkylation agents have proven to be effective in the synthesis of aryl and alkyl trioxorhenium
compounds (Scheme 6). The firstly developed method (“tin-route”) uses tin reagents of the general
formula of RSn(R’)s and has proven to be very effective in the synthesis of the alkyl derivatives.[267,
273] Upon addition of the alkylation agent, one equivalent of the desired compound and one
equivalent of a tin ester of perrhenate are formed. The major drawbacks are the high toxicity of the
coupling agent and the limited scope of the reaction.[277] Hence, a new method has been developed
using dialkyl- or diaryl zinc agents (“zinc-route”). They are generally more reactive than their tin
congeners resulting in a significantly decreased toxicity3[278] and a broader synthetic scope like e.g.
the synthesis of aryl trioxorhenium compounds or CpReQs.[279, 280] Furthermore, the synthetic
procedure is facilitated as by addition of one equivalent of the respective zinc reagent to two
equivalents of Re;05, two equivalents of the desired products are obtained and the byproduct, the zinc

3 The reduced toxicity compared to tin reagents originates in the quick decomposition upon exposure to water
so that the intact alkylation agent cannot penetrate the tissue. For more information, visit
https://echa.europa.eu/
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perrhenate THF adduct, precipitates from the solution. However, both protocols have two major
drawbacks. On the one hand, the reactivity of the alkylation agent limits the scope and yields and on
the other hand, one equivalent of rhenium is lost either by formation of the unreactive stannyl
perrhenate or zinc perrhenate.

Cl
©  Re0; + (CHOSICl  ———= 2 Re. * (CHy)sSi  Si(CHy)s
0]
Rzzn/
Cl 2 RSnR'; R
.Re. . _Re, '
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2 Q R — < 2 _.Re. + Zn(OOCR"),/2R"COOSNnR's
_Re. o 110
0/5\0 O

Scheme 7: Modern synthetic routes for the synthesis of alkyl and aryl trioxorhenium compounds via the prior activation of the
perrhenyl fragment by formation of either chlorotrioxorhenium or an active ester which are converted by tin or zinc agents to
the desired products.

These problems are circumvented by two modern synthetic strategies developed in the group of W. A.
Herrmann. In both reactions, the perrhenyl fragment is activated by substitution of the perrhenate
leaving group by either a chloride or an active ester. In the first reaction, the oxophilicity of silicon is
exploited in the clean reaction of Re,07 with (CHs)sSiCl.[281] Both rhenium centers are converted to
chlorotrioxorhenium upon formation of the easily separable hexamethyldisiloxane. In the following,
the intermediate can be converted by addition of the respective Zn or Sn alkylation agents. As
chlorotrioxorhenium is more reactive than Re;0; it is now also possible to synthesize aryl
trioxorhenium compounds by tin reagents.[273] The drawback of the reaction is the reactivity of
(CHs)sSiClin the respective solvents leading to solvent decomposition and the formation of byproducts.
The second route is even more elegant using an acid anhydride which converts Re;O; to two
equivalents of a ReOs" active ester.[281, 282] On the one hand, the use of the reactive chlorosilane is
circumvented and on the other hand, in case of the “tin-route”, the stannyl moiety is scavenged giving
an unreactive ester. Fluorinated carboxylic acids have proven best and give a significantly increased
overall yield in the synthesis of the important catalyst MTO.[282, 283]

Following these procedures, several rhenium trioxo compounds have been synthesized. Beside linear
and branched alkyls and (substituted) phenyls[275, 279, 284-286], also more sophisticated compounds
are accessible resulting in derivatives bearing a cyclopropanyl[284], allyl, alkenyls[287], alkinyls[288],
benzyl[287] or even a fluctuating n'-indenyl ligand.[289] (Figure 9) Starting from these precursors, a
rich chemistry of solvent, O- and N-adducts has been established over the past few decades
summarized in several reviews.[92, 221, 273, 290]
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Figure 9: Selected substrate scope of organometallic rhenium(VIl) trioxo compounds synthesized via the “zinc-“ or “tin-route”.
The most stable and common motifs are highlighted. R = -H, n- or branched alkyls up to heptane; R’ = various substitution
patterns with substituents like -Me, -F, -CFs, -OMe, -OH, -OSi(Me)s; R”” = H, Ph, ReOs.

5.2.Important Characterization Methods for Re(VIl)trioxo Compounds

In order to correlate the reactivity of Re(VIl)trioxo compounds, especially in catalytic reactions, their
chemical properties have to be characterized. As the catalytic oxidation or dehydration reactions do
not take place at the organic moiety, chemists working in this field should be strongly focused on the
bonding situation of the ReOs* core. The most popular methods for its characterization are discussed
here briefly and their strengths and weaknesses are pointed out. Important parameters are the Re=0
bond strength, determined by FT-IR (Fourier-transform infrared spectroscopy), the electron density on
the oxygen atoms, correlated by YO-NMR (nuclear magnetic resonance) spectroscopy and structural
features of the respective rhenium compounds, derived from SC-XRD (single crystal X-ray diffraction),
GP-ED (gas-phase electron diffraction) or P-ND (powder neutron diffraction).

5.2.1. Characterization of the Structure of Rhenium(VII) trioxo Compounds
Metalorganic chemists are always highly interested in the structure of their compounds in order to
identify structure-reactivity relationships. For rhenium(VII) trioxo compounds, several crystal or gas
phase structures have been obtained over the past decades.[92] However, most of them have been
isolated either as solvent or N-base adducts which are hardly comparable due to the influence of the
additional donor ligand. In Table 5, data of all compounds is listed which have been characterized as
pure substances. Fortunately, from all three substance classes at least two compounds are available
so that a comparison is reasonable.
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r(Re=0): 172 pm

Figure 10: The tetrahedral perrhenate ion with a Re=0 bond distance of 172 pm (left). Influence of the substituent depending
on its electronic properties on the remaining three rhenium oxygen bonds.

In order to discuss the Re=0 bond lengths, the perrhenate anion (Figure 10, left) is a perfect starting
point as the compound is homoleptic and perfectly tetrahedral. The negative charge is completely
delocalized resulting in a reduced bond order of formally 1.75 with a bond length of 172 pm. For
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substituted rhenium trioxo compounds, the trans influence of R should induce either shortened bond
lengths for weak ligands and vice versa for strong ligands with both a strong +| or +M effect (Figure 10,
right).

However, the experimental data shows that the Re=0 bond length is mostly invariant in comparison
to the perrhenate anion with values between 170-171 pm for alkyl and Cp and slightly shortened bond
lengths of 169-170 pm for aryl derivatives. The latter might be attributed to the reduced +l effect of
the aryl moiety compared to the alkyls combined with a significantly decreased +M effect compared
to the oxo moiety of the perrhenate. In comparison, the oxide and its aqua adduct exhibit a slightly
elongated Re=0 bond with 174 pm. Here, a discussion of electronic effects is not feasible due to the
polymeric crystal structure of Re,0; and the formation of hydrogen bonds in the crystal structure of
Re;0,%2H,0.[97, 99] In order to demonstrate that the invariance in the Re=0 bond length towards the
organic ligand is not a characteristic feature of the ReOs" core, the trimethylsilyl ester of the perrhenic
acid is added to Table 5 (T5.11). The weak ligand is not able to donate sufficient electron density
resulting in a short Re=0 bond of 161 pm.

Therefore, all organometallic rhenium(VII) trioxo compounds reveal a reduced bond order of the Re=0
bond as observed for the perrhenate anion due to the donating effect of the respective ligands, in line
with theoretical calculations on these compounds.[291-293][X] However, the bond length is not
indicative for any structure-reactivity relationship due to its overall very small alteration.

Table 5: Averaged Re=0 bond lengths of selected rhenium(VII) trioxo compounds determined either by single crystal X-ray
diffraction (SC-XRD), gas-phase electron diffraction (GP-ED) or powder neutron diffraction (P-ND). @ bond length of the Re=0
bonds in the octahedral unit. ®) Re-O bond length.

Entry Compound Technique Re=0 bond Re-C bond Average Citation
length [pm] length [pm] £(O-Re-0)
T5.1 Re207s) SC-XRD 174/173% 109.0° [97]
T5.2 Re;07%*2H,0 SC-XRD 174/175% 110.0° [99]
T5.3 KReOs SC-XRD 172 109.5° [294]
T5.4 MTO-d3 P-ND 170 206 113.0° [272, 295]
MTO GP-ED 171 206 113.0°
T5.5 ETO SC-XRD 170 210 113.6° [293]
GP-ED 171 210 113.9°
T5.6 Cp SC-XRD 170 104.2° [296]
T5.7 CpMes SC-XRD 170 105.0° [272]
GP-ED 172 107.0°
T5.8 CpMesEt SC-XRD 170 105.7° [269]
T5.9 Mesityl- SC-XRD 169 203 110.8° [279]
T5.10 4-(MesSi0)-0-  SC-XRD 170 204 111.1° [279]
xylyl-
T5.11 (MesSi)O- SC-XRD 161 167 110.0° [297]

A stronger influence of the respective ligands is observed for the £(0O-Re-0) angle. The inorganic
compounds and the trimethylsilylester (T5.1-3,11) are (almost) perfectly tetrahedral with an angle
between 109-110°. Compounds bearing Cp ligands (T5.6-8) reveal a smaller angle with 104-106° in line
with the tendency for the formation of “octahedral” structures of closed-shell complexes. In contrast,
alkyl substituents (T5.4-5) induce a compression of the tetrahedral subunit with angles between
113-114° due to their strong +1 effect. Weaker donors like the aryl substituted compounds (T5.9-10)
lead to only marginal compression with angles of approximately 111°.
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Summarized, all three ligand types alter the £(0O-Re-0) to some extent, however, within the classes of
rhenium(VIl) trioxo compounds there are only small deviation. Therefore, the structure of the ReOs*
core is not indicative and a discussion of neither the Re=0 bond length nor the angle is feasible. A more
useful approach is the discussion of the respective Re-C bond, exemplarily shown for MTO and ETO
(T5.4-5). For the methyl substituent, a distance of 206 pm is observed and for its homologue an
elongated bond with 210 pm. As steric repulsion is not a reasonable argument, the increasing bond
length is linked to a weakened Re-C bond as it will be shown within this work.

5.2.2. Characterization by ’O-NMR spectroscopy

In order to investigate the electronic effects of substitution of the organic ligand, O-NMR
spectroscopy is a viable tool. Any experimenter who wants to obtain reasonably good signals or a signal
at all has to be aware of its high sensitivity towards the relaxation time, temperature and symmetry of
the electron density due to the quadrupole nature of the nuclide (I = 5/2).[298] Therefore, an initial
benchmarking of the pulse sequence might be helpful. The NMR active nuclide has a very low
abundance (0.038% natural abundance) and very low receptivity compared to hydrogen (1.11 x 107°)
or carbon (6.5 x 102), so that an enriched sample is necessary in order to measure sensitive
compounds.[298] There are two major routes for the synthesis of 7O enriched rhenium(VIl) trioxo
compounds. The first one is a stepwise reaction in order to synthesize the trimethylsilyl ester of
perrhenic acid which is a viable precursor for the synthesis of labelled Re;0; and alkyl or aryl
substituted compounds following the previously described synthetic procedures (Scheme 8, a)).[299]
Re,07 is dissolved in 0 labelled water giving perrhenic acid which is precipitated by addition of silver
nitrate. The active ester is obtained by reaction with MesSiCl in non-polar aprotic solvents. The reaction
fails in coordinating solvents as rhenium heptoxide is formed. The advantage of the reaction is the
direct formation of an active ester so that standard procedures for the synthesis of rhenium(VII) trioxo
compounds can be applied, however, for reactions with low yields vast amounts of highly expensive
170 are lost.

The second route is more elegant for obtaining spectroscopic data of highly sensitive compounds. MTO
is the established starting point due to its high stability towards water. By addition of H,¥0, the
rhenium compound is labeled via an oxygen scrambling reaction (Scheme 8, b)). In the following, both
the sensitive rhenium(VIl) trioxo compound and the labelled MTO are dissolved in deuterated solvents.
Due to the oxygen scrambling reaction between the rhenium compounds, both substances are easily
detected by ’O-NMR spectroscopy. On the one hand, the presence of MTO is advantageous as it is a
reliable internal standard with a chemical shift of e.g. 829 ppm in CDCl; (T6.2). On the other hand, no
pure samples of the respective rhenium(VIl) trioxo compounds can be obtained. For mechanistic
studies, the first route has to be applied if the reactivity of MTO interferes. Another disadvantage is
that labeling of saturated 18-e- Cp complexes fails as the scrambling reaction is inhibited.[299]
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Scheme 8: Procedure for the labelling of rhenium(VII) trioxo compounds with 170 enriched water either by the stepwise
synthesis of the labeled trimethylsilyl ester of perrhenic acid (a)) or by oxygen scrambling starting (b)). The asterisk marks
labelled compounds. Only one oxygen is labeled in trioxo compounds and the trimethylsilyl ester for clarity.

The chemical shift of a nucleus depends primarily on its shielding by the amount and distribution of
the surrounding electron density and the nature of adjacent elements. For the characterization of
rhenium(VIl)trioxo compounds, the influence is reduced to the amount of the electron density as the
structural change of the ReOs* core is marginal upon substitution of the organic moiety. The scale in
70-NMR spectroscopy is referred to H,’0 (6 = 0 ppm) and ranges between -50 to 1600 ppm (Figure
11). Alcohols, ethers and esters have a marginal shift from 6 = 0 ppm ranging from -50 to 100 ppm.
Highest shifts for common organic compounds are observed for ketones and aldehydes between 500
to 620 ppm. As rhenium(VIl) trioxo compounds are reported in a range between 560 — 940 ppm, the
method is very useful especially for mechanistic studies as it does not interfere with signals of common
organic compounds which are detected over the course of the reaction by decomposition and/or
oxygen scrambling.
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Figure 11: Typical 70 shifts of common organic molecules referenced to H,70. Adapted from Wu in Prog. Nucl. Magn. Reson.
Spectrosc.[300]. The orange bar indicating the region of common non-coordinated Re(VIl)trioxo compounds is added.
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A direct comparison of all reported rhenium(VIl) trioxo compounds is not trivial as they have been
characterized in several different solvents. Therefore, MTO is used as benchmark substance as its
chemical shift is available in all commonly used solvents (T6.3). For MTO, a strong shift is observed
changing the solvent from nonpolar (n-pentane-ds;) to polar (THF-ds) which is due to the coordination
of the solvent to the rhenium center. As the donor complex is fluxional, a similar trend is observed for
changes in temperature. These effects have been described in literature for metalorganic rhenium
compounds[92, 299, 301] and depend on the substituent.

The strongest shielding of the oxygen is observed for the perrhenate anion with § = 562 ppm (T6.1)
due to the delocalization of the negative charge. The rhenium heptoxide THF adduct is significantly
shifted to high field (6 = 741 ppm, T6.2) with only one observable signal due to its highly fluctuating
behavior in solution. Among the organometallic rhenium(VII) trioxo compounds, the Cp derivatives are
most shifted to high field with values between 646 — 691 ppm (T6.15-18). The chemical shift follows
the expected trend as an increasing shielding is induced by the increasing donor strength with CoMe4Et
= CpMes being the strongest donors. The strongest shift to low field is observed for aryl trioxorhenium
compounds in a range between 821 — 939 ppm in coordinating solvents (T6.9-14). A similar trend is
observed as for the Cp functionalized compounds with strongest shifts for aryls bearing strongly
electron withdrawing groups like CFs. An interesting feature is the strong discrepancy between aryls
with and without ortho-methyl groups as the first group ranges between 912 — 939 ppm (coordinating
solvents) and the latter one between 800 — 820 ppm (CDCls). Solvent dependency cannot account for
the chemical shifts as a maximal shift of & = 25 ppm is observed for mesityl trioxorhenium (T76.11)
changing the solvent from benzene to THF. The reason for this phenomenon is the proximity of the
ortho methyl groups to the oxo moieties inducing a strong chemical shielding and should not be
mistaken with the donor strength of the respective ligand.

In a similar region as the latter group, the alkyl trioxo compounds are observed (808 — 845 ppm,
T6.3-7). The donor strength for the characterized compounds should follow the trend Me- < MesSiMe-
< Et-. It might be assumed, that a similar trend should be observed as for all other classes of
rhenium(VIl) trioxo compounds. However, whereat the chemical shift for the first two complexes is in
line with theory, for ETO a contrary trend is observed with a low field shift by up to 6 =16 ppm
compared to MTO. Comparing the shift of the MTO N-heterocyclic carbene adduct (T6.19) shows
clearly that increasing electron density at the rhenium center results in a high field shift also for alkyl
trioxorhenium. Therefore, the counterintuitive shift of ETO has to arise from a different phenomenon.
Within this dissertation, it will be shown that the decreasing bond strength from methyl to ethyl
accounts for the high field shift in line with the elongated Re-C bond of ETO (T5.4-5). In conclusion,
additional information can be obtained by ’O-NMR spectroscopy in addition to the more commonly
evaluation of the donor strength of the organic moiety. This renders this method a highly useful tool
for the organometallic chemist.

Table 6: Selected compounds and their chemical shift (6(170) in ppm) in various solvents. 9 Highly likely overestimated as the
spectra seem to be not corrected as the MTO shift is underestimated by 7 ppm. ») Melmi = dimethyl imidazolylidene. [*]
Published results obtained during this thesis.

Entry Compound THF-ds DMSO- CDCl; C¢Ds n-pentane- Citation
ds di,

T6.1 KReO4 562 [272]

T6.2 Re,0;*2(THF-db) 741 [175][*]
T6.3 275, 280,

MTO 872 864 829 823 835 [299, 301](*]

T6.4 MTO (-30 °C) 820 [276][*]
T6.5 ETO 8452 [301]
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T6.6 ETO (-30 °C) 829 [276][*]

T6.7 MesSiMe- 808 [285]
T6.8  Allyl 894 [287]
T6.9 Phenyl- 912 856 872 [279]
T6.10  2,6-Xylyl- 820 [302]
T6.11  Mesityl- 836 811 809 [286]
T6.12  MesSiO-o-xylyl- 821 800 805 813 [279]
T6.13  4-(CF3)O-phenyl- 927 [275][*]
T6.14  4-(CF3)-phenyl- 939 [275][*]
T6.15 Cp- 691 [280]
T6.16 CpMe- 674 [280]
T6.17 CpMes- 653 647 [280, 299]
T6.18 CpMeyEt- 646 [280]
T6.19 MTO*2Melmi 728 [303]

5.2.3. Characterization by IR spectroscopy
Using YO-NMR spectroscopy, the influence of the organic ligand on the electronic structure is
assessed, however, its impact on the bond strength of the rhenium oxygen bonds cannot be estimated.
Therefore, infrared spectroscopy is a viable tool as the force constant of a bond can be estimated
directly. For a diatomic molecule, the force constant (k) is related to the vibrational frequency (v) and
the reduced mass (u) of the vibrating moiety (Equation 1.1-2).[304]

1 |k
_ |k 1.1
v= o . (1.1)
mym,
p= — 2% 1.2
(my +my) (1.2)

For larger molecules, the calculation of the reduced mass is not trivial, as it depends on the observed
vibrational mode and therefore the direction and extend of the deviation of all participating atoms.
However, in the case of the rhenium(VIl) trioxo compounds, the vibrating moiety is structural more or
less identical (see. 5.2.1) and therefore a direct comparison of the absorption bands is reasonable. For
the assessment of the bond strength both stretching modes of the Re=0 bond, the symmetric and the
asymmetric one, are indicative, however, as the asymmetric stretching vibration is more intense
(stronger induction of a dipole moment) it is most useful and discussed here.

In order to reveal trends within the three groups of rhenium(VIl) trioxo compounds, one has to take
care of the measurement technique. Most data are obtained in transmission mode using a variety of
different matrixes. The interaction between the matrix and the highly polarized Re=0 bond induces a
shift of the absorption frequencies as well as an altered splitting between the asymmetric and the
symmetric stretching. Therefore, the discussion is hampered by the available data and reduced to
general trends.
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Table 7: Frequencies of the symmetric (s) and asymmetric (as) rhenium oxo stretching vibration for selected rhenium(Vll)
compounds. ? degenerated modes observable in the gas-phase. For ¥, two modes are possible and for V. four. ¥ Shoulder;
either a degenerate mode or coinciding vibration.

Entry Compound Vs (Re=0) Vv, (Re=0) Technique Citation
[em?] [em™]
T7.1 KReO4 971 918 KBr [272]
T7.2 CIReOs 1001 961 CS; [272]
T7.3 Re,07 1062/10172)  955/910®  Gas phase [90]
T7.4 Re,07* 2(MeCN) 965 937 MeCN [305]
T7.5 MTO 1005 958 KBr [272]
1003 941 Diffuse reflectance [272]
1001 965 CS, [272]
1000 966 CH,Cl, [280]
999 966 CeHs [272]
T7.6 ETO 970 Gas phase [285]
997 970/967”  Ar matrix [293]
996 961/950”  CS; [285]
T7.7 Isobutyl- 994 962 CS, [285]
T7.8 MesSiMe- 990 965/957°  CS; [285]
T7.9 Indenyl- 989 959 n-pentane [289]
T7.10 Phenyl- 986 956 KBr [285]
988 960 CCls [280]
T7.11 Mesityl- 985 954 KBr [286]
986 953 CS, [286]
T7.12 MesSiO-o-xylyl- 975 951 CS2 [279]
T7.13 4-(CF3)-phenyl- 987 940 ATR [275][*]
T7.14 4-(CF3)O-phenyl- 991 950 ATR [275][*]
T7.15 Cp 926 886 KBr [296]
929 885 Nujol [280]
933 907 CHCl, [280]
T7.16 CpMe 927 878 KBr [296]
930 898 CHxCl, [280]
T7.17 CpMes 921 890 KBr [272]
924 894 CS» [272]
918 886 CHCl, [280]
920 890 CeHs [272]
T7.18 CpMesEt 920 887 KBr [269]

The Cp derivatives are strongest shifted from MTO with a delta of =~ 70 cm™. The Re=0 bond strength
is therefore weakest among all rhenium trioxo compounds. The main reason for this observation is the
strength of the respective ligands and the formation of 18-e" complexes. A general trend following the
number of substituents having a +| effect is not observed with 886 cm™ for Cp (T7.15, KBr) and 887 cm™
for CoMe4Et (T7.18, KBr). Among the alkyl trioxorhenium compounds, the stretching vibration of MTO
is observed at highest wavenumbers (965 cm-1, CS;) indicative for the weakest bond. Therefore, the
methyl substituent donates most electron density to the rhenium center compared to other
compounds and weakens the Re=0 bond strongest. In line with the O-NMR results, the observed
stretching frequencies do not follow the trend in donor strength (isobutyl = ethyl > methyl > Mes;SiMe-)
as the corresponding vibration of ethyl and isobutyl are observed at lower wavenumbers. The aryl
trioxorhenium compounds are shifted to similar wavenumbers between 940 — 960 cm™. The electron
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poor aryls containing CFs- and CFs0O- substituents (T7.13-14) are strongest shifted in line with theory
whereat the electron rich compounds are in the same region as ETO and phenyl trioxorhenium. The
strength of the combination of IR with ’O-NMR spectroscopy becomes apparent in the discussion of
the electronic influence of the mesityl- and MesSiO-o-xylyl moiety (T7.11-12). Whereat O-NMR
spectroscopy might suggest a significantly increased donor strength of the two compounds compared
to phenyl, IR spectroscopy can clearly rule out the assumption and underline the assignment of the
strong Y’O-NMR shift to the proximity of the methyl groups in ortho position to the oxo ligands of the
respective compounds.

5.3. Catalytic Applications of Rhenium(VII) trioxo Compounds

Rhenium has been well known for its superior catalytic properties in heterogeneous catalytic reactions
for a long time.[306] In contrast, their molecular counterparts have been regarded as inactive and of
low relevance despite their already well established synthetic accessibility.[307] Rhenium trioxo
compounds bearing polar Re-X ligands like OR, NR; or halogens hydrolyze rapidly decomposing to
catalytically inactive compounds.[308] By shifting to the more stable, nonpolar rhenium-carbon bond,
the picture changes: In 1991, Herrmann et al. discovered the versatile catalytic properties of MTO
ranging from olefin metathesis and oxidation to aldehyde olefination, published in three articles in the
same issue of “Angewandte Chemie”.[309-311] Since then, several catalytic applications for MTO have
been developed. It is active in the dehydration, amination and disproportionation of alcohols[312],
deoxygenation of epoxides and diols[313], reduction of alkenes[313], deoxydehydration of biomass
derived diols[314], oxidation of sulfur, pnictogens and halogens[315-320], Baeyer-Villiger
oxidation[321], oxidation of alkynes to 1,2-diketons or carboxylic acids[322], C-H activation[323] and
arene oxidation.[324] The latter reaction is suitable to selectively synthesize vitamin K3 and precursors
of vitamin E[324, 325], however, its application on an industrial scale has never been achieved as a few
years later a metal free synthesis has been developed.[326]

In the next three chapters, the most important reactions of rhenium compounds are discussed in
detail: The epoxidation reaction catalyzed by MTO, which is probably its best examined reaction as it
has been the benchmark catalyst for a very long time[327], the dehydration reaction which is of
particular interest within the last decade as rhenium compounds exhibit an outstanding reactivity and
selectivity in the degradation of biomass derived macromolecules[248] as well as the metathesis
reaction which is generally one of the most important transition metal catalyzed reaction due to its
extensive application on an industrial scale and versatility in organic synthesis.[328]

5.3.1. Epoxidation of Olefins by Rhenium(VIl) trioxo Compounds
In line with the reactivity of the neighboring elements like molybdenum, tungsten and osmium,
rhenium compounds are capable of oxidizing C-C double bonds.[329, 330] Whereas compounds of the
Lewis acidic elements are true epoxidation catalysts, osmium tetroxide yields selectively vicinal
cis-diols with defined osmate esters as intermediate.[331] In line with its position in the periodic table,
the reactivity of rhenium compounds is intermediate and can be adjusted towards the formation of
either epoxides or diols by selecting proper reaction conditions.[327]

Using MTO as catalyst precursor, the mechanism of the oxidation reaction of olefins has been well
explored (Scheme 9).[332-335] MTO is oxidized by hydrogen peroxide to the monoperoxo complex 1a
and consecutively to the highly reactive bisperoxo complex 1b. The formation of both n?-peroxo
moieties proceed stepwise via energetically disfavored hydroperoxo species upon release of one
equivalent of water.[336] Consecutively, the olefin coordinates to either the monoperoxo (right) or
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the bisperoxo species (left) in a m-complex and the oxygen is transferred. After releasing the epoxide
and reoxidation by hydrogen peroxide, the catalytic cycle is concluded.
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Scheme 9: Facilitated mechanism of the epoxidation reaction of olefins using MTO as catalyst precursor. The active species is
either the monoperoxo compound 1a or the bisperoxo compound 1b.

The catalyst 1b has been identified unambiguously by SC-XRD after crystallization with donor ligands
like HMPA (hexamethylphosphoric triamide) and application as oxidant in the epoxidation of
cyclooctene.[337] Attempts to synthesize and isolate the monoperoxo compound 1a failed yielding
only MTO and 1b. Therefore, there has been a long debate whether 1b is also a viable catalyst for such
reactions. Its reactivity is finally proven in experiments using substoichiometric amounts of the oxidant
[317, 335] and YO-NMR spectroscopy[338]. However, as the apparent reaction rate constant for the
catalytic cycle 1 (monoperoxo as active species) is rather low (Ki-app < K2-app) its relevance in the strongly
oxidizing environment of typical catalytic reactions is neglected.[339] The transition state of the
oxygen transfer proceeds via a spiro-type oxygen species (tetrahedral oxygen) in order to maximize
the overlap of the filled O-O n* orbital with the empty C-C n* orbital as demonstrated by DFT
calculations.[336, 338] In line with these results, olefins in cis-configuration are more easily oxidized
than their trans isomers due to the steric repulsion in such an arrangement.[339] Utilizing this effect,
dienes are oxidized highly selective (diastereometric ratio > 96 %) to the respective di-epoxides with
respect to the least steric repulsion within the transition state.[340]

The reactivity of MTO in oxidation reactions can be altered significantly by various donor ligands. The
simplest donor ligand present in hydrogen peroxide is water. A combined experimental and DFT study
demonstrated that the formation of the active species is significantly accelerated by water molecules
by stabilizing critical transition states by hydrogen bond formation.[336] Even though the effect on the
oxygen transfer step is rather low, switching from acetonitrile containing 2.6 M H,0 to neat H,0 results
in a 100-fold increase in the reaction rate.[341] Fluorinated alcohols like HFI (hexafluoroisopropanol)
or TFI (trifluoroethanol) exhibit a similar effect on the catalytic reaction. Here, the reactivity and
stability are increased about 3 — 5 times compared to experiments in CH,Cl,.[342, 343] However, these
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techniques cannot overcome one major issue of the catalytic system MTO/H,0;: The consecutive
formation of diols. In order to circumvent the undesired side reaction, N-bases are applied as additives.
Whereat unsaturated amines significantly inhibit the reactivity[332, 344], the addition of pyridine even
promotes the epoxidation reaction, rendering the system MTO/pyridine superior to the old widely
applied m-CPBA procedure.[340] By the combined application of the fluorinated solvent HFI and the
N-base additive pyrazole, the highest reported reactivity of a rhenium compound in the epoxidation
of cis-cyclooctene was achieved with a TOF of 39 000 h.[343]

Following the success of the simple molecule MTO, huge efforts were undertaken to develop a
modified and more active rhenium(Vll)trioxo compound. However, most of the synthesized
compounds are either instable or inactive in the (ep)oxidation reactions. Very few reports on the
activity of other rhenium(VII) trioxo derivatives are available only in combination with the stabilizing
agent quinuclidine. The overall reactivities are not comparable to the benchmark TOF of MTO,
however, general trends can be deduced. Whereat substituents with a stronger +l effect like ethyl or
(trimethylsilyl)methylene result in lower reaction rates, cyclopropyl trioxorhenium is even more
reactive than the quinuclidine adduct of MTO.[332] Phenyl substituted compounds are completely
inactive using hydrogen peroxide and quinuclidine. More recently, the reactivity of the latter
compound class has been reinvestigated using exemplarily o-xylyl trioxorhenium. The authors
observed that the compound decomposes very fast in an aqueous and oxidizing environment. In
contrast, anhydrous oxidants like H,O, (in THF) or TBHP yield moderate results with a maximal TOF of
360 h™*which is remarkable since MTO is inactive in combination with organic peroxides.[302] Beside
organometallic rheniumtrioxo compounds, perrhenates are viable catalysts in the epoxidation
reaction. The anion itself is completely inactive in solid state or dissolved in common solvents like
water as they are coordinatively saturated or protected by the solvent sphere. However, applied in
ionic liquids moderate reactivities are achieved.[345] The activity of the catalyst is significantly altered
by the respective cation with best results using a 1,2,3-substituted imidazolium cations containing a
long-chain aliphatic N-bound substituent and two methyl groups. Whereat the former substituent
tailors the polarity and micelle formation[346, 347], the latter ones are important to distribute the
charge density of the imidazolium core.[348] Despite their only moderate reactivity, their application
is of particular interest due to the easy handling of these stable compounds and their convenient
recyclability.
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Figure 12: Structures of milestones in the development of highly active homogeneous epoxidation (pre)catalysts based on
rhenium, molybdenum and iron.

The evaluated derivatives of MTO and perrhenates are no match for its outstanding reactivity,
however, other catalytic systems took the lead as benchmark for the efficient catalytic epoxidation
reaction, within the last two decades. The first class of compounds are based on the adjacent element
molybdenum, for which the reactivity in epoxidation reactions has been already proven in the Halcon
ARCO process.[349] Molybdenum based organometallic epoxidation catalysts are synthesized as
stable carbonyl catalyst precursor which are consecutively activated by the oxidant to Mo(VI) dioxo or
0x0 peroxo species.[327]. Best activities are achieved using Cp ligands which have shown to stabilize
the active species. Therefore, the first compound with at least half the reaction rate of MTO has been
developed in 2001 (Figure 12, Table 8 Mo1) reaching a TOF of 20 000 h! at optimized reaction
conditions in the epoxidation of cis-cyclooctene (All TOFs are referred to this benchmark reaction). The
active catalyst is a chlorido dioxo Mo(VI) compound protected by the very bulky Cp moiety.[350] In
order to stabilize such high valent species, a more promising approach than steric shielding is
increasing the electron density at the metal center. However, the replacement of the chloride ligand
of Mo1 by alkyl moieties is unsuccessful due to the instability of the Mo-C bond.[351] This drawback
is circumvented by using ansa-type molybdenum catalysts like Mo2. Here the alkyl moiety is bound
intramolecular resulting in a remarkable increase in reactivity and stability. Using the ionic liquid
[BMIM]NTf,, a higher TOF than for MTO (44 000 h!, T8.3) is achieved and the catalyst can be reused
at least three times with only marginal reduction in yield. As increasing the electron density at the
molybdenum center is verifiably beneficial for the epoxidation reaction, the consistent next step is the
incorporation of an even stronger spectator ligand like a NHC. The resulting cationic compound Mo3
exceeds the reactivity of its benchmark predecessor Mo2 by about 20 % with a TOF of 53 000 h'* at
optimized conditions. In recycling experiments applying the ionic liquid [CsMIM]NTf,, the catalyst is
retrieved ten times without reduction of its reactivity resulting in a TON of 10 000.[352] The
remarkable stability for a homogeneous molybdenum based catalyst is only surpassed by dimeric
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molybdenum(VI) complex bearing two pincer-type N- and O-donor ligands with an outstanding TON of
110 000 in a single run.[353] However, despite their high reactivity and stability, MTO has still been
the more prominent oxidation catalyst as the molybdenum based complexes are only applicable as
epoxidation catalyst in combination with the expensive oxidant TBHP due to their intrinsic instability
towards water.

Table 8: Performance of important epoxidation catalysts in the epoxidation of cis-cyclooctene. [*] Published results obtained
during this thesis.

Entry Compound TOF Oxidant Additional notes Citation
[h]

T8.1 1 39000 H.0, Solvent: HFI [343]
Additive: Pyrazole

T8.2 Mol 20000 TBHP - [350]

T8.3 Mo2 44000 TBHP Solvent: [BMIM]NTf, [354]

T8.4 Mo3 53000 TBHP - [352]

T8.5 Fel 25000 H,0, Oxidant is added gradually [355]
Additive: Acetic acid

T8.6 Fe2 184000  H,0, - [356][*]

T8.7 Fe2 415000 H,0, Additive: Sc(OTf)3 [357]

T8.8 Fe3 95000 H,O; Additive: Sc(OTf); [358][*]

One class of compounds which circumvents the main disadvantage of molybdenum based epoxidation
catalysts are iron complexes stabilized by chelating ligands. This currently emerging research field is
driven by the high abundance of the metal, its usually assumed low toxicity and its ability to stabilize a
huge variety of oxidation states.[359] Already in 2007, the first highly active iron based epoxidation
catalyst Fel has been developed by Que and coworkers with a TOF of 25 000 h? using hydrogen
peroxide as oxidant.[355] Its application is strongly limited as it suffers from fast deactivation and low
selectivity due to its Fenton-type reactivity. This reactivity renders common iron compounds
inapplicable for selective oxidation reactions.[360] Therefore, the benchmark TOF of Fel is only
achieved by the careful adjustment of reaction conditions: The oxidant is added very slowly in order
to slow down the decomposition reaction. Furthermore, an additive, acetic acid, is applied to decrease
the Fenton-type reactivity by promoting the formation of the active species in the epoxidation
reaction.[361] However, addition of acids is counterproductive due to their inherited reactivity
towards the desired products. The formation and nature of the active species in non-heme iron
epoxidation catalysts are decisive for their selectivity.[356] Upon oxidation of an intermediate Fe(lll)
species, either an Fe(lV) or Fe(V) oxo species is formed.[362-365] Whereat catalytic reactions
proceeding via the latter species are mostly selective, the formation of Fe(lV) oxo species is
accompanied by the simultaneous formation of hydroxyl radicals which reduce the selectivity
significantly. Possible methods to circumvent this Fenton-type reactivity are the application of water
or acids to assist the clean formation of Fe(V) oxo species or stabilization of the high valent species by
either increasing the denticity of the ligands or their donor strength. Until now, the latter pathway has
demonstrated to be more successful in line with the enhancement of the reactivity of the previously
discussed molybdenum catalysts. The first active non-heme iron oxidation catalyst which is also stable
in strongly oxidizing environments bears a tetradentate methylene bridged bis-(dipyridyl)NHC
ligand.[366] Despite of its significantly increased stability, the compound performs quite poorly in the
catalytic reaction with a TOF of only 2600 h™. The catalyst precursor also decomposes the oxidant due
to an initial single electron oxidation step from Fe(ll) to Fe(lll) to form the active catalyst. These
drawbacks are overcome in the Fe(lll) catalyst Fe2 which outperforms all so far known homogeneous
epoxidation catalysts with a remarkable TOF of 184000 hl. Excellent selectivities are achieved (>99 %)
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in line with the absence of a Fenton-type reactivity. The reactivity can be further increased by addition
of a Lewis acid resulting in a TOF of 415000 h! without consecutive diol formation.[357] The overall
high reactivity of Fe2 might be ascribed to the strong donor strength of the four NHC ligands stabilizing
the central metal in high oxidation states. However, experimental and theoretical data demonstrate
that the cyclic and strained geometry of the ligand is responsible for the high stability and reactivity in
the catalytic reaction.[358, 367-369] The very good performance of Fe2 is also its major drawback. As
the active species is extremely reactive the reaction can be performed properly only at low
temperatures using activated olefins as substrates. The latest development in iron epoxidation
catalysts, Fe3, overcomes this by replacing the strongly donating imidazole moieties by
benzimidazoles. Even though the compound is less reactive with a TOF of 95000 h* using Sc(OTf)s as
additive, it is more applicable than its predecessor as it covers a broader substrate scope even at
elevated temperatures of up to 80 °C.

5.3.2. Dehydration of Alcohols Catalyzed by Rhenium(VIl) trioxo Compounds

The field of dehydration catalysts is dominated by cheap and durable catalysts like solid acids (alumina,
zirconia, zeolites, transition metal halides and fluorinated sulfonic acid polymers) [370-376], inorganic
acids[377-379] or organic acids like triflic or p-toluenesulfonic acid [380, 381]. Over the last decade
interest has increased in the application of rhenium(VII) compounds due to their high selectivity, good
reactivity and tolerance towards functional groups.[248] MTO is unsurprisingly the best examined
compound active in both, the classical dehydration and deoxydehydration (DODH) reaction.[314] The
latter reaction is a reductive dehydration of vicinal diols catalyzed also by perrhenates and derivatives
of Cp’Re0s which will not be discussed here in detail.[245, 246, 382]

The dehydration reaction is of high importance for the “green” production of chemicals and fuels from
biomass by increasing the carbon to oxygen ratio. [382, 383] Increasing the carbon to oxygen ratio is
advantageous for increasing the energy density of a molecule and the formation of reactive
compounds like olefins or aldehydes from (poly)ols. One of the most prevalent feedstock is
lignocellulosic biomass consisting mainly of cellulose (40-50 %), hemicellulose (20-30 %) and lignin. The
sugar polymers are already widely exploited by the pulping industry, for the production of fuels or the
production of polymers.[382, 384] In contrast, lignin is widely discarded as waste product despite its
valuable aromatic content.[385, 386] Within the change from traditional oil based chemistry to a
sustainable future, the need arises for “green” base chemicals. Especially in this context, the
(deoxy)dehydration reaction is of high importance. Important examples for the current development
are:

- Ethanol, derived from the fermentation of sugars, is dehydrated to ethylene by solid
acids.[387-389]

- Various sugars are dehydrated to e.g. sorbitol, succinic acid, 5-HMF, adipic acid and levulinic
acid[390-394]

- lactic acid or 3-hydroxypropionic acid derived from glucose fermentation are dehydrated to
acrylic acid[395]

- Coniferyl, coumaryl and sinapyl alcohols are obtained by depolymerization of lignin[385]

- Further dehydration of fragments of lignin yields phenols, catechols and vanillin[375]

The processing of these chemicals yields a huge variety of aromatic and (unsaturated) aliphatic base
chemicals ready for their application in already established processes. A recent review by Barta and
coworkers summarizes very well the current state of the art in the valorization of lignocellulosic
biomass.[396] The authors underline the need for selective catalysts in order to suppress the
decomposition of valuable products. As rhenium-based compounds have already proven their high
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selectivity and tolerance to functional groups, the development of more active and stable such
compounds is of particular interest.
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Scheme 10: Facilitated mechanisms for the dehydration reaction of alcohols catalyzed by MTO. a) The suggested active
catalyst MDO is formed by the in-situ reduction of MTO by one equivalent of alcohol, b) Proposed ionic mechanism with MTO
as active catalyst.

The reactivity of rhenium oxo compounds towards alcohols is mainly ascribed to its Lewis acidity
indicated by the reliable formation of stable Lewis base adducts. However, the nature of the active
species in dehydration reactions is still debated. The mechanism using MTO has been examined by
Klein Gebbink et al. and our group (Scheme 10). The former applied MTO in the dehydration reaction
of simple organic molecules like benzylic, aliphatic or terpene alcohols.[397-399] Using these
substrates, an involvement of reduced rhenium species like MDO is ruled out as in stoichiometric
control experiments only small amounts of ketone are observed. The alcohol coordinates to the Lewis
acidic rhenium center giving a penta-coordinated rhenium species. Consequently, the olefin can be
released via two pathways: concerted (Ez) or ionic (E1). In order to discriminate between both
possibilities, the authors conducted a substrate screening revealing following trend for the reaction
rates:

rbenzylic> lallylic > Ihomoallylic = laliphatic
and within one class of compounds

rtertiary > rsecondary > rprimary

Therefore, the reactivity corresponds to the stability of the respective carbenium ion. Furthermore,
when applying isoborneol as substrate the product camphene is formed quantitatively. The reaction is
well known as the Wagner-Meerwein rearrangement and proceeds via a 1,2-sigmatropic shift with a
carbenium ion as intermediate (Figure 13, a)). Consequently, the experimental data points clearly to a
E; mechanism which is also supported by DFT calculations.[399] These calculations also suggest the
participation of a second equivalent of alcohol and two molecules of water assisting the abstraction of
the hydroxyl moiety. Evidence is given by the inhibition of the reaction when applying non-
coordinating N-bases like DIPEA.
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Figure 13: a) Camphene is obtained in the Wagner-Meerwein rearrangement from isoborneol. b) Mechanism (Scheme 10 a))
is postulated for the dehydration of this 8-O-4 model substrate.

The second mechanism is based on the reactivity of MTO towards the cleavage of a B-O-4 model
substrate (Figure 13, b)). The catalyst MDO is formed by reduction by one equivalent of the alcohol.
The substrate coordinates to the active species forming a tetra coordinated rhenium oxo hydroxo
species. Upon release of the olefin an intermediate dihydroxo species is formed which returns the
catalyst by releasing one equivalent of water. In contrast to the mechanism postulated by Klein
Gebbink et al., the activity of MTO is ruled out as a significant induction period is observed even at
high temperatures of 135 °C. The active species MDO is characterized as a metastable 3-hexyne adduct
by NMR spectroscopy using a YO-enriched sample of the catalyst precursor. When applying the
synthesized MDO-3-hexyne adduct in the cleavage reaction of the model substrate, the induction
period is eliminated clearly supporting the suggested mechanism. DFT calculations indicate a
significantly higher barrier with 33.6 kcal/mol compared to the MTO based mechanism (11.8 kcal/mol).
In accordance with these results, the B-0O-4 model substrate is much more reluctant in the dehydration
reaction compared to styrene which has been used by Klein Gebbink and coworkers. For the cleavage
of the former substrate, 5 mol% of MTO are required to obtain full conversion after 10 h at 155 °C and
for the latter one only 1 mol% giving full conversion after 24 h at only 100 °C reaction temperature.
The reason for the occurrence of two completely different mechanisms in the dehydration of benzylic
alcohols is still unclear. A reasonable explanation might be the presence of the a-ether moiety in the
B-0O-4 model substrate. The lone pairs of the oxygen atom are repelled by the oxo groups of MTO, so
that a reduction is necessary in order to access the Lewis acidic rhenium center. The assumption is
supported by the catalytic results of MTO/H, or Cp’ReOs/PR3 in the DODH of vicinal diols. Following
the first mechanism, also the mono dehydration products like ketones or aldehydes have to occur,
however, the selectivity for the olefin is throughout >99%.[245, 246, 248]

Beside the organometallic rhenium(VIl) compounds, the binary oxide Re;0O7 has also been applied in
the dehydration reaction of various alcohols. Its reactivity is superior to the molecular catalysts
exemplarily shown by the TOF of 430 h! for 1-phenylethanol compared to merely 37 h* when
catalyzed by MTO.[397] Furthermore, the selectivity towards the olefin is increased as the competing
acid catalyzed ether formation is almost prevented. However, the mechanism using Re;07 has been
widely unknown. It is apparent that the oxide does not fully dissolve in the applied solvent (toluene)
pointing to a heterogeneous mechanism and supported by a low reaction order of only 0.15.
Experiments using three different sieve fractions also point to a mass-transfer limitation as the initial
rates increase upon decreasing particle size. In contrast, reuse experiments fail with diminishing initial
reaction rates already after the first recycling step. Another assumption has been the participation of
perrhenic acid formed upon hydrolysis of Re,O;. However, the performance of the Brgnsted acid
differs strongly in terms of reactivity and selectivity. The authors suggest that the overall reactivity of
Re;0; might be explained by both, the heterogeneous oxide and dissolved perrhenium species.[399]
This is not the case and will be demonstrated in the summary of the third publication within this thesis.
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5.3.3. Metathesis reactions Catalyzed by High Valent Rhenium Compounds
One of the most important transition metal catalyzed reactions is the metathesis reaction. Since its
serendipitous discovery by Banks and Bailey in 1964[400], several large scale applications have
emerged from oil refinery (e.g production of propene from ethylene and butane), organic synthesis to
the valorization of biomass.[56, 328, 401] The reaction is best described by the title of the original
publication as an “olefin disproportionation” scrambling vicinal substituents of two olefins in an
equilibrium reaction (Scheme 11, a)).
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Scheme 11: a) General equation of the metathesis reaction. b) Mechanism according to Chauvin of one step in the self-
metathesis of propene.

The currently accepted mechanism has been proposed by Chauvin and Hérisson in 1971 (Scheme 11,
b)).[402] The olefin coordinates to a metal alkylidene and forms a metallacyclobutane. The consecutive
cleavage of this species can either occur perpendicular to the initially coordinated olefin yielding the
product (but-2-ene in the depicted example) or in the same plane, representing the back reaction.
Therefore, the reaction is fully reversible and the respective reaction rates depend on the ligand sphere
of the metal and the substituents of the olefins.

W, Mo or Re oxides or carbonyls on supports like Al,03, SiO, and Nb,Os are applied on an industrial
scale.[403] Tungsten and molybdenum based catalysts require high reaction temperatures of 400 °C
and 200 °C, respectively. In contrast, rhenium catalysts are already active at room temperature.[53]
Therefore, the catalysts are applied in different industrially relevant processes:

- Tungsten: Lummus OCT process for the production of propene via ethenolysis of 2-butene and
the reverse reaction in the Philipps triolefin process[56]

- Molybdenum: The highly relevant Shell Higher Olefin Process (SHOP) for the production of a-
olefins[404]

- Rhenium: Disproportionation of short and long chain olefins developed by British
Petroleum[405]

The reactivity of the latter catalytic system can be significantly enhanced by the addition of SnMe, as
the highly active catalyst MTO is formed (see 5.3).[92] The reactivity is assigned mainly to chemisorbed
MTO as on the one hand, similar activities are achieved by treating Re,0; with SnMes and impregnation
of the carrier with MTO and on the other hand, similar active sites are identified for both catalysts.[406]
Beside its application as heterogeneous catalyst, MTO performs very well in metathesis reactions in
solution.[309] In order to develop new rhenium based metathesis catalysts it is of high importance to
understand how the active species is formed. According to the Chauvin mechanism, such a species has
to be coordinatively unsaturated and must contain an alkylidene moiety.
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Scheme 12: Formation mechanisms for alkylidene species active in the metathesis reaction. a) Photolytic tautomerization
reaction observed for MTO. b) Intramolecular elimination reaction of an alkyl ligand. Such alkylidines are effectively stabilized
by exchanging the oxo with amido ligands d). c) Currently accepted Pseudo-Wittig mechanism for the activation of alkyl-, aryl-
and cyclopentadienyltrioxorhenium compounds.

For MTO, a first activation mechanism is identified by photolysis using UV-light on isolated samples in
an argon matrix. The methylidene is formed in a tautomerization reaction by exchanging a proton from
the methyl carbon to an oxo moiety.[407, 408] For higher alkylrhenium(VIl) complexes such a
mechanism has not been observed yet. Hoffman et al. observed a second pathway for the formation
of rhenium alkylidene species.[409] A trialkyldioxo rhenium compound eliminates one alkyl moiety
photochemically upon formation of an rhenium(V)dioxo alkylidene complex. A few years later, Schrock
et al. proved the activity of such species in the metathesis reaction.[410] In order to circumvent the
photolytic activation, stable alkylidines are synthesized (Scheme 12, d)) over the last few decades.
However, these catalysts have to be activated by either a solid support like Al,O3 or N-bases in order
to react in the metathesis reaction.[92]

All these mechanisms cannot account for the activity of aryl- and cyclopentadienyltrioxorhenium?
compounds.[92, 411] These problems are circumvented by the Pseudo-Wittig mechanism (Scheme 12,
c)). The formation of diolate complexes by reacting trioxorhenium complexes with olefins in a [3+2]
addition has been known for decades.[412] However, the consecutive formation of the
metallaoxetane, the formal [2+2] addition of the olefin, has been firstly examined in the beginning of
the 215 century. Chen and coworkers identified the intermediates and product distribution in collision-
induced dissociation (CID) experiments analyzed by tandem ESI-MS.[413, 414] Computational studies
support the postulated mechanism and identify requirements for such a [2+2] addition:[415, 416]

- The rhenium species has to be four-coordinate
- Atleast one ligand has to be a o-donor
- The o-donor should be electron deficient

41t should be noted that only CpReOs is active in the metathesis reaction. Fully substituted Cp derivatives are
inactive.
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These predictions have been proven experimentally using phenyltrioxorhenium and perfluorinated
phenyltrioxorhenium as catalysts in the ring-opening polymerization (ROMP) of norbornene.[411]
Whereat the electron rich PhReOs gives only moderate yields at elevated temperatures of 100 °C, full
conversion is achieved by the perfluorinated derivative at room temperature. However, a systematic
screening of trioxorhenium compounds has not been performed yet.
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Figure 14: (top) Development of Grubbs type ruthenium based metathesis catalysts ranging from the 15t generation to the
chiral catalyst. (bottom) Typical motif of Schrock type metathesis catalysts with M = Mo and W. (bottom, right) Newist
development of Schrock type catalysts containing NHCs with significantly increased stability without decrease in reactivity.

The major issues responsible for the underdevelopment of homogeneous rhenium based catalysts are
the difficult synthesis of such compounds and the great success of other catalytic systems like the
previously discussed heterogeneous catalysts and molecular catalysts based on Ru, Mo and W. The
most common ruthenium based catalysts are known as Grubbs catalysts which are widely applied in
organic synthesis due to their high tolerance towards functional groups and stability towards ambient
conditions.[401] These compounds exhibit a trigonal-bipyramidal structure containing in plane two
chlorido ligands and a benzylidene moiety and at least one strong sigma donor. The development of
this type of catalyst is very advanced, starting from the initial compound containing two phosphine
ligands in apical position (Figure 14, top left). Its reactivity is significantly increased by replacing one of
these phosphines with a NHC ligand, developed simultaneously by Grubbs, Nolan, Herrmann and
Flrstner.[401] The Hoveyda catalysts exhibit a significantly increased reactivity and are very efficient
in asymmetric metathesis reactions by replacing one strong donor ligand with an intramolecular bound
oxygen donor. Finally, high selectivities are achieved by Grubbs’ chiral catalyst. The chirality is induced
by asymmetric wing-tips and backbone modifications of a saturated NHC. Beside the Grubbs-type
catalysts, there are manifold highly active compounds based on molybdenum and tungsten, generally
known as Schrock-type catalysts. The classical Schrock-type complexes exhibit a distorted tetrahedral
structure with one alkylidene, two alkoxides and one imino ligand with bulky substituents. These
compounds are also tolerant to functional groups and considerably more active than Grubbs-type
catalysts, however their application is less advantageous due to their instability at ambient
conditions.[417] Several approaches have been tried to overcome this intrinsic problem, however,
most approaches led to less active catalysts.[418] Very recently, this major drawback is finally
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overcome by the group of Buchmeiser.[419] By incorporation of one NHC ligand (Figure 14, bottom
right), even more active metathesis catalysts are obtained which can be handled at aerobic conditions
as no decomposition is observed upon storing these compounds for six days at ambient conditions.
The catalytic activity is tailored by the respective NHC ligand with best results obtained using “weak”
donors like backbone chlorinated unsaturated NHCs.[420] Therefore, also in this context, NHCs
demonstrate superior properties compared to other strong donor ligands underlining the importance
of these compounds.
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5.4.Rhenium(Vll)trioxo Complexes, from Synthesis to Application

Within Chapter 5, the design and application of rhenium(VIl)trioxo compounds is presented. The
compounds are synthesized starting from Re;0; or more conveniently from chlorotrioxorhenium or
acyltrioxorhenium either by the zinc- or tin-route. The former route should be generally applied due
to the easy accessibility and low toxicity of the zinc reagents. Tin reagents are important for the
synthesis of very sensitive compounds due to the low Lewis acidity of the metal. The synthesized
compounds should be analyzed by IR spectroscopy, O-NMR spectroscopy and SC-XRD in order to
assess the electronic influence of the organic moiety. Finally, the compounds are tested in various
catalytic reactions. The most important reactions to date are the epoxidation, the metathesis and the
dehydration reaction. However, as highlighted in chapter 5.3, several other applications are
conceivable.

O
¢ "
o//Fff\\o o~ 1170
Re207 (@) O/
Tin-route Zinc-route
r|18u
_Sn_ Zn_
nBu”/ R R R
nBu
)
_Re
o“1l~0
0]
Analysis:
- IR spectroscopy
- "70-NMR spectroscopy
- SC-XRD
Application
O
OH
Epoxidation Metathesis Dehydration

Figure 15: From synthesis to application: A guideline for the successful development of Re(VIl)trioxo compounds. R = aryl, alkyl
or cyclopentadienyl.
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6. High Valent Rhenium Compounds in Catalysis

After giving a brief introduction on the redox chemistry of rhenium and the chemistry of
organometallic rhenium(VII) trioxo compounds, the next chapters will provide an overview of the main
research articles of this dissertation. Within the first publication, the synthesis and application of
fluorinated aryltrioxo rhenium compounds is demonstrated. The compounds are thoroughly
characterized by 'H, 13C, Y0 and °F NMR, IR and MS spectroscopy, elemental analysis and partially by
SC-XRD. They are applied in the epoxidation reaction of cis-cyclooctene using different oxidants. It will
be shown, that decreasing the electron density at the rhenium center by incorporation of electron
withdrawing groups is beneficial for the catalytic reaction as implied in the chapter 5.3.1. Furthermore,
their activity in metathesis reactions is proven. The compounds are active in the self-metathesis of 1-
hexene and the ring-opening metathesis of norbornene. In the second publication, the reactivity of an
already known alkyl trioxorhenium compound, namely ethyltrioxorhenium, is investigated. In contrast
to the results obtained by Herrmann et al. a few decades ago (5.3.1), ETO is an applicable catalyst in
the epoxidation reaction of cis-cyclooctene using a fluorinated solvent and the anhydrous oxidant
TBHP (in decane). NMR studies are conducted using 0 labelled compounds revealing that the active
catalyst is highly likely a monoperoxo compound. Furthermore, the decomposition pathway of ETO is
investigated experimentally and theoretically. Upon thermal treatment, ethane, ethylene and partially
methane are observed indicating that both, the radical and the B-hydride elimination pathway, are
feasible in line with DFT calculations. The application of rhenium heptoxide in the dehydration reaction
of a B-O-4 model substrate is the main topic of the third publication. The compound performs very
well in the catalytic reaction with a high turnover frequency and outstanding selectivity towards the
sensitive products. However, the kinetic profiles of the reaction and the advantageous product
distribution raise questions about the true nature of the catalytic active species. By carefully
investigating the reaction products, mechanisms as suggested for MTO (see 5.3.2) are excluded.
Analyzing the decomposition products reveal the formation of mixed valence nanoparticles
characterized by TEM, DLS, Raman and XPS. A feasible mechanism for their formation is given in line
with the well-known redox behavior of rhenium oxides (see 3.1-3.6). Finally, the NPs are
unambiguously identified as the active catalyst by filtration experiments and alteration of the reaction
conditions so that their formation is inhibited.

42



6.1. Synthesis, Characterization and Application of
Organorhenium(VIl) trioxides in Metathesis Reactions

and Epoxidation Catalysis

Florian Dyckhoff, Su Li, Robert M. Reich, Benjamin J. Hofmann, Eberhardt Herdtweck
and Fritz E. Kihn

Dalton Trans., 2018, 47, 9755.

In 2013, the first aryl trioxorhenium compound has been successfully applied in a catalytic epoxidation
reaction by using the anhydrous oxidant TBHP.[302] However, only xylyl trioxorhenium is tested so
that no insights are obtained on the influence of the substitution pattern of the aryl substituent. Until
then it is only assumed that decreasing the electron density at the rhenium center is beneficial for the
catalyst’s performance. To fill this gap, a series of four fluorinated aryl trioxorhenium compounds are
synthesized and tested in catalytic reactions. In addition, an amino trioxorhenium complex is
synthesized to prove whether this class of compound is also capable to perform in such reactions.
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Scheme 13: Synthesis of four new fluorinated aryl trioxorhenium compounds via the zinc route.

The fluorinated compounds are synthesized via the zinc-route. The zinc reagents are obtained by
lithiation of the respective bromides and reacted with Re,0; to obtain the desired compounds.
Whereat in solution, stable THF complexes are obtained in good yields, the isolation of solvent free
products is problematic. The compounds are autocatalytically decomposed by low valent rhenium
species, so that the decomposition reactions have to be inhibited. Therefore, two strategies are of high
importance: The used rhenium heptoxide has to be of high purity (bright yellow; greenish, partially
decomposed Re;07 is not applicable) and the solvent removal has to be performed at low temperature
and complete (best results are obtained using n-hexane as entrainer).

9 Re.0 2 TMSCI ) [ + 2 TMP ) RI
€07 > _.Re. ——m—— _Re
- HMDSO O’(I)I\O -2 HCI (0] 8 (@]

P1.5

Scheme 14: Synthesis of the Re(VIllamino complex via chlorotrioxorhenium(VIl). TMSCI: Trimethylsilylchloride, HMDSO:
hexamethyldisiloxane, TMP: 2,2,4,4-tetramethylpiperidine.
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Tetramethylpiperidienyl rheniumtrioxo (P1.5) is synthesized starting from Re;0- via the Re(VIl)trioxo
chloride in a one-pot reaction. Although the isolated yields are mediocre with only 15 %, the crystalline
compound is remarkable stable and can be handled at ambient conditions. In contrast, compounds
P1.1-4 are highly sensitive to moisture and decompose to the respective aryl derivative and HReO,.
Compound P1.3 is only obtained as THF adduct highly likely due to the strong electron withdrawing
effect of the aryl moiety and the isolation of P1.4 fails.

Table 9: Key properties of compounds P1.1-3 and P1.5, derived from IR spectroscopy (ATR), 7O-NMR spectroscopy (oxygen
exchange using labelled MTO, measured in DMSO-dg) and SC-XRD. @ Compound characterized as THF adduct.

Analysis P1.1 P1.2 P1.3? P1.5
IR: vas [cm'!] 950 940 931 920
70-NMR: & [ppm] 927 939 723
SC-XRD: r(Re=0) [pm] 170% 171% 171
SC-XRD: a(O-Re-0O) [°] 118.1% 118.2% 108.9

The electronic properties of the respective aryl moieties are characterized by the previously discussed
standard methods. The asymmetric stretching vibration of the Re=0 bond follows the expected trend
from 950 cm® for the weakest donor in P1.1 to 920 cm™ for the strongly donating amino ligand in P1.5.
The results for P1.3 should be handled with care due to the different coordination geometry. The
70-NMR results are less straightforward. The amino moiety in P1.5 is clearly the strongest donor with
a remarkable shift of 723 ppm close to the MTO NHC adduct (see 5.2.2). However, P1.2 has a higher
shift than P1.1 in contrast to the results obtained by IR spectroscopy. This is assigned to the +M-effect
induced by the attached oxygen in the latter compound. The structural features of the crystallized
complexes are as previously discussed very similar to reference compounds. The Re=0 bond length
varies from 170 — 171 pm and the O-Re-O angle of P1.5 points out an almost perfect tetrahedral
structure. The angles in P1.1-2 are close to 120° in line with the trigonal bipyramidal geometry.

Table 10: Catalytic epoxidation of cis-cyclooctene using complexes P1.1-3 and P1.5. 9 initial TOF determined after 5 min.

Catalyst Oxidant Solvent T[°C] Y [%] TOF? [h!]
2 H,0, CH.Cl, r.t. 3 <1

1 TBHP CHCl3 55 81 1400

2 TBHP CHCl3 55 85 1420

3 TBHP CHCls 55 85 1310

5 TBHP CH.Cl, r.t. - -

In the epoxidation reaction, the compounds behave similar to xylyltrioxorhenium as almost no product
is obtained with the oxidant H,0. In contrast, good conversions are achieved using TBHP in chlorinated
solvennts. Only the amino compound P1.5 is completely inactive in the oxidation reaction. The trend
in the TOFs (P1.1 = P1.2 > P1.3 > xylyltrioxorhenium) correlates with the electron withdrawing
character of the aryl moiety supporting the assumption that electron withdrawing groups increase the
reactivity of Re(VIl) trioxo compounds. However, overall the compounds are no match for its congener
MTO. One reason for the low performance is the reversible inhibition of the catalyst by the formed
tert-butanol.

In addition, it is demonstrated that compound P1.2 and P1.5 are capable to convert olefins in
metathesis reactions using alkyl aluminochlorides as cocatalysts. The performance in the self-
metathesis of 1-hexene is very low with a yield of >60 % only after 24 h compared to MTO after 5 min.
However, good results are obtained for both catalysts in the ROMP of norbornene with a molecular
weight of 1.3 — 1.6 x 10° gmol™* and a high cis-/ trans-ratio of >90 % at optimized conditions. Compound
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P1.5 is therefore the first amino trioxorhenium compound applicable in metathesis reactions which is
remarkable since the predictions for the development of highly active Re(VIl)trioxo catalysts suggest,
that electron deficient ligands should result in high activities. In contrast, the amino ligand is a good
donor as indicated by IR and ’O-NMR spectroscopy.
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6.2. Ethyltrioxorhenium — Catalytic Application and

Decomposition Pathways
Benjamin J. Hofmann, Stefan Huber, Robert M. Reich, Markus Drees and Fritz E. Kiihn

J. Organomet. Chem., 2019, 885, 32-38.

As the performance of the aryl substituted trioxorhenium compounds is not satisfying, the reactivity
of the next class of compounds is examined. ETO is probably the best available complex among the
alkyltrioxorheniums beside MTO. It is synthesized via the zinc-route by reacting Re,07 with diethylzinc.
Good yields are only obtained using a diluted solution of 0.05 mol/L of pure yellow Re;O; and low
temperatures between -78 °C to -10 °C during the removal of the solvent THF.

THF K

2 Re207 + ZnEt2 > 2 ,/Re\\
- Zn(ReOy),*(THF), SIS

Scheme 15: Synthesis of ETO via the zinc-route.

The activity of the compound is tested in the epoxidation reaction of cis-cyclooctene. Using an aqueous
solution of H,0 (50 %) only 10 % yield are obtained. Its performance is therefore poor albeit slightly
better than for the aryltrioxorhenium compounds. By changing the oxidant to TBHP, yields up to 75 %
are achieved using 1 eq. of the catalyst. The limiting decomposition of ETO is less temperature
dependent than the epoxidation reaction, so that best results are obtained at 50 °C. In order to
increase the reactivity, the previously described methods are tested. Using the fluorinated solvent HFI,
the reaction is significantly accelerated so that 60 % conversion is achieved within three minutes giving
a TOF of 1200 h'. Consequently, the compound is more reactive than XTO and only marginally inferior
to the presented fluorinated aryltrioxorhenium compounds. The second technique, the addition of a
pyridine, did not result in an improved reaction rate but an almost complete inhibition. Using 10 eq.
of 4-tert-butylpyridine a conversion of 1 % is observed after 24 h reaction time. The reason for the
inhibition is the formation of a stable ETO-pyridine complex as detected by H and 3C-NMR
spectroscopy which inhibits the formation of the active species. In contrast to the MTO/H,0; system,
the active species is identified as a monoperoxo complex of ETO and one eq. of tert-butanol or TBHP
(EtRe03(0,)*L) as shown by O-NMR experiments. The peroxo complex is more instable than for XTO
in line with its higher reactivity in the epoxidation reaction.

Primary: Secondary:
. recombination
2 - >
@ disproportionation
@b\ oz
. . K protic
_~ + ReOj; "HReO3" + _~ "HReO3" + —> _~ + ReOy

.Re.
o 10
(0]

Scheme 16: Reaction pathways of ETO in the thermal decomposition in THF. The primary pathways (left) yield highly reactive
products which might react in a secondary (right) reaction to yield typical gaseous decomposition products.

As the stability of ETO is limiting, it is of high importance to elucidate the decomposition pathways of
the compound. Therefore, ETO is dissolved in THF and heated to 60 °C. The solution turns dark due to
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the formation of oxidic rhenium species. The formed gaseous products are quantified by GC-FID. A
significant induction period is observed with only 4 % rel. yield of gaseous products after 5 d and almost
50 % after 11 d. Such a behavior is typical for the trioxorhenium compounds due to the well-known
autocatalytical decomposition. Ethane and ethylene are formed almost equimolar throughout the
whole reaction time. Such a product distribution might be explained by a purely radical mechanism
and consecutive disproportionation (Scheme 16). However, as no butane is detected, the solution has
to be too diluted for such a follow-up reaction. The second possibility might be a purely B-H-elimination
giving 1 eq. of ethylene and formally rhenic acid. Such a Brgnsted acid might react with a second
molecule of ETO giving 1 eq. of ethane and rhenium oxides. In order to discriminate between these
pathways, a DFT calculation is performed. The transition state for a proton induced decomposition is
not reasonable with a Gibbs free energy barrier of 103 kcal/mol. Therefore, the product distribution is
only explainable by a simultaneous decomposition by the radical mechanism and B-H-elimination. In
line with this assumption are the calculated Gibbs free energy barriers for both reactions with 51.9 and
54.0 kcal/mol, respectively, using a PCM solvent model with THF as solvent. The barrier is
overestimated due to the applied DFT method, however, the results are feasible as the decomposition
reaction takes 11 days to obtain approximately 50 % rel. yield. Therefore, both, protons in B-position
and substituents which favor a radical decomposition are weak spots for trioxorhenium compounds
with longer alkyl chains than methyl.
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6.3. Reactivity of Re;0; in Aromatic Solvents — Cleavage of a
B-O-4 Model Substrate by Lewis-acidic Rhenium Oxide

Nanoparticles

Benjamin J. Hofmann, Reentje G. Harms, Sebastian P. Schwaminger, Robert M. Reich
and Fritz E. Kihn

J. Catal., 2019, 373, 190-200.

Beside the molecular rhenium compounds, the binary oxide Re;05 is of particular interest in catalytic
reactions. Although it has been applied in various different types of reactions, very little is known about
its mechanism. To fill this gap, a systematic study on the reactivity of Re,07 in the dehydration reaction
of a lignin model substrate is conducted. Lignin is a condensed polymer of sinapyl, coniferyl and
p-coumaryl alcohols. A variety of different bonding types are identified between these monomers very
well summarized in several reviews.[375, 383, 395, 396, 421, 422] Among these, the B-O-4 bond is the
most abundant one rendering the model substrate P3.1 an ideal substrate to assess the ability of Re,0-
to degrade the biomass derived polymer. The cleavage of P3.1 is typically catalyzed by acids yielding
the products guaiacol P3.3 and phenylacetaldehyde P3.2 via an enol-ether. A major disadvantage is
the consecutive repolymerization of the latter compound under such conditions. Therefore, the
applied acid has to be strong enough to cleave the B-0-4 bond but too weak to repolymerized the
sensitive aldehyde P3.2. Until then, no such acid has been identified and scavengers are commonly
used to inhibit the undesired side-reaction.[380, 423]
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Scheme 17: Cleavage of a lignin model substrate by rhenium heptoxide to the products phenylacetaldehyde and guaiacol.

The catalytic results using Re,0 are promising with a high TOF of 240 h! under optimized conditions
and full conversion even at low catalyst loadings of 0.1 mol%. Very high selectivities are achieved
especially to the sensitive product P3.2. The comparison to other Lewis acids indicate that only Sc(OTf)s
and SnCl, are capable to compete with Re;07, however, with significantly reduced selectivity. In order
to elucidate, whether the oxidic nature is the reason for the catalyst performance, other related metal
oxides are tested. However, no conversion is detected throughout all tested compounds.

Table 11: Excerpt of selected tested Lewis acids and related metal oxides in comparison to Re,0;. Reaction conditions: 5 wt%
catalyst, p-xylene, 140 °C, t = 4 h.

Catalyst Conversion Yield Yield
P3.1 [%] P3.2 [%] P3.3 [%]
Re,0; >99 71 75
AICl; 16 0 4
FeCl; 72 2 46
Sc(OTf)s >99 7 71
SnCl, >99 0 36
MoO; 0 0 0
WO; 0 0 0
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Unlike in oxidation reactions, the reactivity of Re;0O7 is not most reactive in coordinating solvents but
in unpolar, aromatic solvents like p-xylene. Using THF, the yield is reduced to only 26 %. In aliphatic
solvents a very low conversion of only 8 % after 4 h using 0.1 mol% of Re;05 is obtained. In aromatic
solvents, the compound should behave as a heterogeneous catalyst, as it is generally assumed to be
insoluble. However, recycling experiments fail as almost 87 % of the reactivity is lost within the first
filtration step and the performance gradually decreases within the following steps.
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Figure 16: Analysis of the black precipitate formed after the cleavage reaction of P3.1 by Raman (left) and XPS (right). (left)
references of authentic samples are given. (right) Deconvolution of the Re4f region narrow scan.

Therefore, the real nature of the active catalyst is questionable. Within the reaction, a black precipitate
is formed which is analyzed by Raman and XPS in order to get insights into active species. The XPS
narrow scan of the Re4f region reveals, that the oxide is partially reduced to Re(VI) and Re(IV) (Figure
16, left) with variable content depending on the reaction and workup conditions. The Raman spectra
support the assumption that Re;0; is completely converted to a mixed valence oxide supported on
char. The full conversion of Re;0y is identified by the absence of the bridging Re-O-Re vibrations in the
region of = 800 cm™. The formation of char is identified by the strong signal in the region of 1590 cm™
assigned to sp?-hybridized carbon. Similar spectra are obtained for reactions without the substrate
P1.1 identifying the solvent as exclusive reaction partner.

Re,0; + /©/—» + | HReO,
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Scheme 18: Activation of Re,0; by p-xylene and the consecutive decomposition of the formed 4-methylbenzyltrioxorhenium
to organic recombination products and rhenium oxides
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After a careful analysis of the reaction (products) of Re,0; with p-xylene using GC-MS, UV/Vis, in-situ
IR and Y’O-NMR spectroscopy a highly likely mechanism is postulated. Re,07 reacts with p-xylene giving
the extremely instable 4-methylbenzyltrioxorhenium. The compound decomposes following a radical
mechanism. The released radicals react with a second solvent molecule and forms bisxylyls (Scheme
18) in the recombination reaction. The formation of char is attributed to the radical polymerization of
p-xylene. The composition of the formed rhenium oxide is attributed to the manifold
disproportionation reactions known for rhenium oxides as discussed in chapter 3.6. The discussed
activation reaction is crucible for the formation of an active catalyst shown in a solvent screening
experiment. The reactivity of the catalyst is not sensitive to the substitution pattern ranging from
electron rich aromatics like mesitylene to electron deficient ones like 1,4-difluorobenzene. However,
when using a solvent which cannot be deprotonated such as CsFs, the reaction is fully inhibited.

Table 12: Test reactions in the dehydration of P3.1 catalyzed by identified decomposition products of Re,07 in p-xylene.

Compound Conversion Yield Yield
P3.1 [%] P3.2 [%] P3.3 [%]
ReO; 0 0 0
ReO; 0 0 0
KReO4 5 0 0
HReO4(aq) 34 19 26
Re;0; * 2(H,0) 86 45 58
Mesityltrioxorhenium 0 0 0
REZO7 87 57 63

The question arises, which of the formed compounds is responsible for the good performance of the
precatalyst Re;0;. Control experiments are performed with authentic samples of the identified
compounds (Table 12). All rhenium oxides, potassium perrhenate and an aryltrioxorhenium compound
are inactive in the dehydration reaction. Perrhenic acid is capable to convert P3.1, however, with an
overall lower performance. Only solid perrhenic acid gives similar conversions but with reduced
selectivity towards P3.2 in line with the reactivity of Brgnsted acids. Therefore, none of the applied
substances can constitute to the overall good performance.
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Figure 17: Analysis of the mixed valence rhenium nanoparticles by DLS (left) and TEM (right). The TEM image is obtained from
a sample treated at 70 °C.

As spectroscopic methods did not succeed in the identification of the active catalyst, the analysis of
the morphology of the rhenium oxides is conducted. Therefore, the formation of char is suppressed by
addition of a radical scavenger. The analysis of the supernatant solution of a reaction of Re,07 reveals
the formation of small NPs (4 nm) which agglomerate with increasing reaction temperature (Figure
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17). These NPs are unambiguously identified as the active catalyst performing a splitting experiment.
The cleavage reaction of P3.1 is stopped after 20 min and one part is filtrated over celite. Whereat the
unfiltrated solution gives normal yields, the reaction stops completely after filtration. Furthermore,
pre-synthesized nanoparticles are capable to convert P3.1 even in the inert solvent CgFs. Therefore,
Re,05 reacts with the aromatic solvent yielding Lewis acidic mixed-valence rhenium particles which are
highly active in dehydration reactions and tolerant towards the sensitive products.

51



7. High Valent Rhenium Chemistry — An Outlook

The presented work displays the manifold reactivity of high valent rhenium trioxo compounds and
improves our understanding by getting deeper insights into the structure-reactivity relationship in
some catalytic reactions. Within the first publication, the accessibility of electron deficient
aryltrioxorhenium compounds is proven. The good performance of these type of compounds is in line
with the predictions of Chen and coworkers, however, these compounds are no match to the well
elaborated Grubbs and Schrock-type catalysts (see 5.3.3). More interestingly, the aminotrioxorhenium
compound P1.5 is also highly active in the ROMP of norbornene. This finding is in stark contrast to the
DFT derived suggestions for the synthesis of highly active Re(VIl)trioxo catalysts. One possibility might
be the formation of an imino moiety within the catalytic reaction significantly reducing the o-donor
properties of the ligand. Such a compound is closely related to Schrock-type catalysts and might
account for the high reactivity. Tuning the electronic and steric properties of the amino ligand might
result in higher reactivities and selectivities. The amino moiety is a perfect template to synthesize
enantio- or regioselective catalysts by using asymmetric substituted cyclic amines. Therefore, the
development of such catalysts might be an interesting new field in high valent rhenium chemistry even
though they have to compete against the previously described well-established Ru, Mo and W based
compounds.

Concerning the epoxidation reaction, the reactivity of the differently substituted compounds follows
very well the predictions. With decreasing donor properties of the ligand, the reactivity decreases
although only marginally. This finding important as it underlines that the reactivity of
rhenium(Vll)trioxo compounds in the epoxidation reaction is well understood, however, tuning the
electronic properties of aryl ligands is not particularly suitable for the more active catalysts than MTO.
Increasing reactivities by using weaker donors clearly underlines that the properties of the active
species is different when compared to Mo and Fe based catalysts. For the latter catalytic systems, it is
of high importance to stabilize the active species by strong donors whereat for Re compounds higher
activities are achieved by destabilizing the formed peroxo species. Turning to alkyltrioxorhenium
compounds, the development of new compounds is significantly hampered by their intrinsic instability.
As shown within this work, both, the radical and B-H-elimination pathway contribute to the
decomposition of such compounds rendering the development of new catalysts challenging. Increasing
the chain-length facilitates the B-H-elimination whilst branched alkyls or benzylic compounds are
prone to eliminate radically in line with the generally known trends in stability. Using B-fluorinated
alkyls might result in a better performance although it such a modification might also result in even
weaker Re-C bonds as observed for highly electron deficient aryltrioxorhenium compounds. Another
approach might be the application of strained, cyclic alkyls like substituted cyclopropyl derivatives. As
discussed in chapter 5.3.1, the unsubstituted derivative has already proven to be more effective in the
epoxidation reaction than MTO using a stabilizing N-donor as additive. Applying such additives is highly
effective to increase the reactivity and stability of such compounds, however, only when combined
with H,0; as oxidant. The TBHP route is generally less successful as significantly reduces TOFs are
observed. From a scientific perspective, it is highly interesting as it gives insights into the formation of
active species, however, from a user’s point of view, using this oxidant is not beneficial. The bulky tert-
butyl moiety prevents the formation of a bisperoxo species as demonstrated by 1’O-NMR experiments
which highly likely accounts for the moderate reaction rates. Therefore, it is more interesting to
combine derivatives of MTO with stabilizing N-donors and fluorinated solvents. Within the literature,
there is a general and successful trend in using NHCs as stabilizing donors. Replacing the weak N-
donors with these elaborated spectator ligands might also result in new, highly active catalytic systems.
However, all in all, these compounds have to compete with the recent developments in iron
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epoxidation catalysts. It is doubtful whether rhenium-based catalysts can step up to these compounds
with regard to reactivity, synthetic accessibility and especially its price.

The most important finding within this dissertation is the identification of the active species in the
dehydration reaction using Re;0; as precatalyst and the elucidation of its activation mechanism.
Despite the very good performance of the here presented catalytic system, its application is doubtful
as the depolymerization of lignin is a challenge on a very large industrial scale and, as shown here,
catalyst leaching is expectable due to both, loss of NPs and formation of dissolved rhenium complexes.
However, from a scientific perspective there are some very important insights to highlight:

1. The misleading and inconclusive debate on the properties of Re;0; in apolar solvents is
settled

Rhenium heptoxide is indeed insoluble in non-coorinating and apolar solvents. However, it reacts with
the solvent forming the nanoparticles. Therefore, the particle size of Re,05 is important for its reactivity
as described by Klein Gebbink and coworkers, however only in the activation step not in catalysis. The
catalytic reaction is homogeneous and follows the kinetic laws of this reaction type.

2. The NPs represent an easy to handle catalyst highly likely active in various different catalytic
reactions

The stability of the NPs towards ambient conditions is proven within this work. NPs purified in ambient
conditions exhibit similar reaction rates and yields when compared to NPs worked up under inert
conditions. They are easily synthesized by exposing Re,0; to an aromatic solvent and are obtained
either supported on char or pure by using a radical scavenger. Their size can be adjusted by choosing
the proper temperature reaction time within the synthesis. However, its relevance is not yet tested
and such experiments will be challenging without the application of stabilizing additives. Gaining better
insights into the size-oxidation state-reactivity relationship will be highly interesting as the synthesis
of (mixed-valence) rhenium NPs is currently a vital field as shown in chapter 3.5. Beside catalytic
reactions, these particles are applied from medicinal and analytical chemistry to wastewater treatment
and such the here presented simple synthetic protocol might facilitate their development. Most
important are the applications in which their participation is not identified (yet). Rhenium heptoxide
is applied under similar reaction conditions in various catalytic transformations like the oxidation of
alcohols[424], DODH[425, 426], Friedel-Craft benzylation[427], benzylation of amines[428],
substitution of alcohols by amines[429], modification of hemi-acetals and aldehydes[430], formation
of spiro-alkanes[431], the arene homologation[432] and cycloetherification reactions[433]. Very
recently, Re;O7 has shown to be active in the demethoxylation and alkylation of guaiacol. The XPS
analysis suggests a similar oxidation state of rhenium as presented here, however, the nature of the
active catalyst is not analyzed yet.[434] Therefore, the participation of these nanoparticles is highly
likely in at least some of these reaction and should be tested systematically. The scope of application
of these NPs should be also extended to heterogeneous catalysis. As previously described, such
catalysts are applied in several important reactions. Using Re>07, most catalysts have to be pretreated
in order to obtain well defined nanostructures.[169] In contrast, the application of the here presented
NPs will facilitate this process and might result in better defined and more active catalysts.

3. Organometallic Re(Vll)trioxo compounds are suitable precursor for the synthesis of
mixed-valence NPs

Within the activation mechanism of Re,07 in p-xylene it is shown that benzyltrioxorhenium is an
intermediate species. Within the decomposition of that compound, char and the NPs are formed.
Therefore, other defined metalorganic Re(Vll)trioxo compounds are also suitable precursor for
synthesis. A first hint on this reactivity is given by the kinetic profiles of such compounds in various
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reactions. There are several examples exhibiting an initial “burst” phase with high reaction rates
followed by a moderate but steady second phase. Catalyst deactivation might contribute to such a
reaction profile, however, in most cases, the steady phase is too pronounced so that a consecutive
active species is more likely. For the synthesis of defined Re NPs, the decomposition pathway of the
respective precursor should be taken in account. A long-chain aliphatic compound will decompose
mainly in a B-H elimination reaction and a branched or benzylic one radically. Whereat the first reaction
formally yields Re(V), the latter one results in Re(VI). Therefore, by choosing the right precursor, the
oxidation state of these particles might be adjusted. The influence on their composition is, of course,
not predictable due to the complex redox chemistry of rhenium (see chapter 3.6). However, it might
be a reasonable approach to obtain defined and novel NPs. Furthermore, it is unclear whether the
surface is covered at least partially with the respective organic moiety. If this is the case, the
modification of the precursor should finally result in varied physico-chemical properties.

8. Conclusion
The chemistry of high valent rhenium compounds is dominated by the versatility and performance of
MTO. However, since the discovery of its superior catalytic properties no other molecular rhenium
compound has been developed with at least similar properties and the question arises, what is the
next step in the development of such compounds.
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Figure 18: Summary of the results obtained within the dissertation.
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Within this work, fundamental key properties of two classes of compounds are assessed by
spectroscopy and catalytic examinations (mainly epoxidation reaction). The reactivity in the
epoxidation reaction is indeed tunable by altering the electronic properties as shown by the
incorporation of electron withdrawing groups in aryltrioxorhenium compounds. However, overall, the
observed impact is less convincing as expected. Aryl- and the tested alkyltrioxorhenium compounds
are much less reactive than its congener MTO, however, the real activity is hard to assess due to the
concurrent decomposition reaction. With regard to aryltrioxorhenium, the decomposition reaction is
not analyzed yet and might follow a similar Baeyer-Villiger-type mechanism as MTO. The stability of
alkyltrioxorhenium compounds is dependent mainly on two properties: The stability of the respective
radical species and the presence of protons in B-position. A more stable compound has to fulfill both
criteria as otherwise one of the existing decomposition pathways cannot be avoided. Despite their
limited success as catalyst in several reactions, these compounds are suggested to be of high relevance
in the synthesis of tailored mixed-valence rhenium nanoparticles. Within the dehydration reaction of
a lignin model substrate by Re,05, the formation of such nanoparticles is observed. These particles are
identified as the true active species and the binary oxide is completely inactive. The activation
mechanism is elucidated showing that an intermediate benzyltrioxorhenium species decomposes to
these NPs. Therefore, all instable trioxorhenium might be reasonable precursors for the defined
synthesis of such compounds. Depending on the respective decomposition pathway, the oxidation
states within the particles might be altered and possibly the surface differently modified. The high
importance of such NPs is highlighted as they are known to be excellent catalysts, applied in the
treatment of cancer or as sensitizers in SERS. Furthermore, as rhenium heptoxide is applied as
“catalyst” in several other reactions using similar conditions, there might be various other, not yet
explored applications which just wait for their discovery.
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Appendix |: Structure of gaseous Re,O7 derived from DFT Calculations

The structure of gaseous Re,07 has recently been a point of debate. Experimental studies obtained by
GED determine a Re-O-Re angle of 143.6(9)° at 230 °C.[1] In contrast, a recent DFT study suggests an
almost linear Re-O-Re angle with 179.3°.[2] The authors argue that the calculated value and the
experimental one are in agreement as the measured molecules are in an excited state due to the
applied high temperature. In order to examine which of the given data is more precise, a series of
different DFT functionals, basis sets and treatments for the relativistic effects are tested and the
results summarized in Table Al.

Table Al-1: Calculated Re-O-Re angles using various different functionals, basis sets and relativistic treatments. If only one
basis set is given, the same is applied for both atom types.

No. Functional Basis sets Relativistic Re-O-Re
(O/Re)? treatment angle [°]

T1-1 B97D3 def2-TZVP/SDD SDD-ECP 151.0

T1-2 B97D3 def2-TZVP def2-ECP 174.5

T1-3 B97D3 def2-TZVP/SARC- ZORA 157.7
ZORA-TZVP

T1-4 PBE-D3 def2-TZVP/SDD SDD-ECP 159.4

T1-5 PBE-D3 def2-TZVP def2-ECP 180.0

T1-6 PBE def2-TZVP/SARC- ZORA 179.9
ZORA-TZVP

T1-7 B3LYP def2-TZVP/SDD SDD-ECP 178.3

T1-8 B3LYP def2-TZVP def2-ECP 180.0

T1-9 B3LYP D3BJ def2-TZVP/SARC- ZORA 178.4
ZORA-TZVP

T1-10 MO06 def2-TZVP/SDD SDD-ECP 170.9

T1-11 MO06 def2-TZVP def2-ECP 180.0

T1-12 MO06 def2-TZVP/SARC- ZORA 180.0
ZORA-TZVP

T1-13 wb97X-D def2-TZVP/SDD SDD-ECP 165.5

T1-14 wb97X-D def2-TZVP def2-ECP optimization

fails

T1-15 wb97X-D def2-TZVP/SARC- ZORA 179.8
ZORA-TZVP

T1-16 B2PLYP-D3  def2-TZVP/SDD SDD-ECP 158.3

T1-17 B2PLYP-D3  def2-TZVP def2-ECP 179.1

T1-18 B2PLYP-D3  def2-TZVP/SARC- ZORA 173.8
ZORA-TZVP

The applied methods are generalized gradient approximation-type (GGA) density functionals like
B97D3([3, 4] and PBE[5, 6], the popular hybrid GGA B3LYP[7], the highly parametrized hybrid
meta-GGA M06[8], the range separated hybrid GGA wb97X-D[9] and the double hybrid B2-PLYP-D3.[4,
10] The latter method mixes the GGA for exchange by Becke and correlation by Lee, Yang and Parr
(LYP) and a pertubative second-order correlation part (Mgller Plesset perturbation theory, MP2) based
on the DFT derived orbitals.[11] Double hybrid DFT calculations are generally seen as superior when
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compared to classical DFT calculations.[12-14] Although, in some rare cases (especially for transition
metals) this class of functionals yields comparable or inferior results.[15, 16]

Three different sets of basis sets are used dependent on the respective treatment of the relativistic
effect. The oxygen atoms are treated in Set 1 and 2 by the def2-TZVP basis set by Weigend.[17, 18] In
set 1, a Stuttgart-Dresden effective core potential (ECP) and its corresponding basis set is applied to
rhenium[19]. In set 2, def2 ECP, rhenium is treated with the more flexible triple zeta basis set
(def2-TZVP) and the respective adapted Stuttgart-Dresden ECP (SDD).[17, 19, 20] The latter is obtained
from Basis Set Exchange.[21] Finally, all-electron relativistic calculations are conducted using the
zeroth order regular approximation (ZORA). For the treatment of both types of atoms, the
corresponding recontracted ZORA-def2-TZVP basis sets are used.[22] Calculations with the basis set
combinations 1 and 2 are conducted using Gaussian 16.B.01.[23] For calculations applying ZORA for
the treatment of the relativistic effects, ORCA 4.2.1 is used instead.[24] The program uses the XCFun
DFT library developed by Ekstrum and coworkers.[25]

After optimizing the structure of Re,05, several different conformers are obtained as “ground states”.
Pure functionals (GGAs) are more prone to predict a bent structure in comparison to hybrid (m)GGAs.
The exceptions are the range-separated wb97X-D and double hybrid B2-PLYP functionals which result
in an angle of 165.5° and 158.3°, respectively, when combined with the SDD ECP. A more pronounced
trend is observed by comparison of the treatment of the relativistic effect. For the SDD ECP, most
structures are bent with varying angle between 151.0° - 165.5° (T1.1 and T1.13). Only when combined
with B3LYP and MO6, a linear structure is suggested. For the bigger def2 ECP, most structures are
linear. Only the GGA B97D3 results in a slightly bent structure with 174.5° (T1.2). The results for all-
electron calculations using ZORA are in between. Most structures are linear, except for the GGA B97D3
(T1.3) and P2-PLYP (T1.18). Therefore, following trends are derived for the tendency to obtain a bent
structure (wb97X-D is omitted as the optimization using the def2 ECP failed):

B97D3 > B2PLYP-D3 > PBE > M06 = B3LYP
SDD ECP > ZORA > def2 ECP

Concerning the different functionals, highest precision is expected for the double hybrid, the (range
separated) hybrid (m)GGAs and finally the pure GGAs.[26] However, in this trend the methods with
medium precision disagree to both the highly precise B2PLYP and the GGA B97D3. Neese and
coworkers compared the performance of various different functionals in the optimization of
5d-transition metal complexes. Overall best results are obtained using pure GGAs: e.g. PBE is superior
to B3LYP.[27] The observed low performance of the latter functional in the optimization of structures
of organometallic Re(VII) compounds is in line with these findings.[28] Unfortunately, both benchmark
sets are very small and most of the here presented modern functionals have not been tested. A recent
and more extensive publication points out that hybrid functionals like B3LYP are indeed capable of
giving very good results in the determination of bond dissociation energies (BDE) of transition metal
oxides.[26] The structures were optimized using the GGA BP86 and single point calculations were
performed in order to determine the energies. Combining the outcome of all three benchmark
publications, hybrid functionals are highly likely inferior to pure GGAs in the optimization of structures
even though they perform overall very well in the calculation of energies.

Concerning the treatment of the relativistic effects, Neese and coworkers’ publication is more
descriptive as all three here presented methods were thoroughly tested.[27] Best results are obtained
using ZORA, followed by def2 ECP combinations and SDD performs worst. However, the good
performance of the def2 ECP is limited to the very high basis set def2-QZVP and the hybrid GGA PBEO.
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As the best performing method (ZORA) also gives inconclusive results concerning the structure of
Re,05 it is still unclear whether the bent or linear structure is more reasonable. A more detailed
comparison with literature data fails as most of the calculations were performed on a B3LYP/Lan2dz
level of theory.[29] This might be surprising as it has been shown that this combination yields very
poor results for 5d-transition metals.[27, 28] However, its broad application can be rationalized by the
authors desire to compare their results to older literature.

Table A1-2: Comparison of the electronic energy and Gibbs free energy of fully optimized structures of Re,0; and structures
with the Re-O-Re angle constrained to the experimentally derived value of 143.6°. Energies are given in atomic units. The
delta E(full)-E(constrained) is given in kcal/mol.

No. Method/Opt Re-O-Re Imaginary Electronic Gibbs free
angle[’]  frequencies energy energy

T2-1 T1-4/full 159.4 0 -683.2611 -683.2847
T1-4/constrained 143.6 0 -683.2607 -683.2808

delta [kcal/mol] -0.24 -2.49

T2-2 T1-5/full 180.0 1(-4.0cm?) -683.3336 -683.3518
T1-5/constrained 143.6 0 -683.3326 -683.3522

delta [kcal/mol] -0.64 0.28

T2-3 T1-6/full 179.9 1(-12.0cm™) -35282.7838 -35282.7988
T1-6/constrained 143.6 0 -35282.7830 -35282.7995

delta [kcal/mol] -0.52 0.47

T2-4 T1-7/full 178.3 0 -683.6429 -683.6667
T1-7/constrained 143.6 0 -683.6419 -683.6604

delta [kcal/mol] -0.65 -3.96

T2-5 T1-8/full 180.0 0 -683.7222 -683.7441
T1-8/constrained 143.6 0 -683.7204 -683.7384

delta [kcal/mol] -1.14 -3.57

T2-6 T1-9/full 178.4 0 -35283.3462 -35283.3617
T1-9/constrained 143.6 0 -35283.3455 -35283.3608

delta [kcal/mol] -0.42 -0.59

T2-7 T1-10/full 170.9 1(-6.9cm?) -683.2838 -683.3013
T1-10/constrained 143.6 0 -683.2835 -683.3021

delta [kcal/mol] -0.22 0.55

T2-8 T1-11/full 180.0 1(-9.0cm?) -683.3675 -683.3829
T1-11/constrained 143.6 0 -683.3661 -683.3836

delta [kcal/mol] -0.87 0.41

T2-9 T1-12/full 180.0 1(-2.09 cm?) -35283.8971 -35283.9104
T1-12/constrained 143.6 0 -35283.8960 -35283.9116

delta [kcal/mol] -0.69 0.79

As presented in Table 1, several optimizations yield Re-O-Re angles close to 180°. However, the
calculations are not straightforward. For most converged structures with an almost linear Re-O-Re
bond negative frequencies are obtained. Negative eigenvalues point to a non-converged structure or
a transition state but may also occur due to numerical errors in the integration step. In contrast, when
using a constrained Re-O-Re angle of 143.6° (experimentally derived value), the partial optimizations
converge quickly without occurrence of any negative eigenvalues. The obtained electronic energies
are slightly higher for the constraint geometry by 0.22 — 1.14 kcal/mol, depending on the level of
theory (Table 2). By comparison of the Gibbs free energies, one might assume that in some cases the
constrained structure is more stable than the fully optimized one at room temperature. However,
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these values have to be handled with care. On the one hand, one low lying vibrational degree of
freedom is neglected as the fully optimized structures contain negative eigenvalues. It constitutes
usually for about 0.6 kcal/mol. On the other hand, the thermodynamic data is based on the calculation
of the vibrational frequencies. Reasonable results are only obtained if the 1 derivative of the hessian
matrix is close to zero (force on atoms). However, as the structures are overall very similar and only a
marginal force is detected, this error is regarded as negligible. Therefore, the question whether the
bent or the linear structure is more reasonable cannot be answered by the calculations presented in
Table 2. It is evident that the electronic energy of the linear structure is lower, however, as the
naturally occurring ground state structure depends on the Gibbs free enthalpy, more detailed
calculations are needed.

Table A1-3: Comparison of the electronic energy, Gibbs free energy and rotational entropy at 298.15 K for the fully optimized
structure of Re,07 and its partially optimized structure with a constraint Re-O-Re angle of 143.6°. Calculations are performed
using the benchmark functional PBEO in combination with the most promising treatments of relativistic effects. Energies are
given atomic units and the rotational entropy in kcal/mol.

No. Method Optimizati Symmetry Electronic  Rotational Gibbs free
on energy entropy at energy
298.15 K

T3-1 PBEO-D3/def2 full D3 -683.2611 8.53 -683.2847
constraint Ci -683.2607 9.54 -683.2808

delta
[kcal/mol] 0.88 -1.01 1.72
T3-2 PBEO-D3/ZORA full D3 -35282.6042 8.51 -35282.6182
constraint C -35282.6034 9.52  -35282.6190

delta
[kcal/mol] 0.53 -1.01 -0.47

In order to discriminate between both structures, new calculations are performed using the functional
PBEO in combination with the def2 ECP or ZORA. Benchmarks clearly indicated best results for these
levels of theory for both structural optimizations and energy calculations.[26, 27] Highest accuracy is
achieved using significantly increased integration grids (for more details see next chapter) and
(very)tight optimization criteria. All structures are true ground states as no negative eigenvalues are
obtained. The benchmark calculations agree with the results of the previous screening of functionals
that a linear structure of Re;0 is more stable from the electronic perspective. However, for the Gibbs
free energy one significant difference is observed between the bent and the linear structure. The
strongest contribution to this difference is assigned to the rotational entropy S.:. It is calculated
according to Equation 1 with the universal gas constant R, the partial function of the entropy gr.: and
the symmetry number sn:

Sroc = R+ (In(£2) + 1.5) (A1-1)

sn
For all four calculations, very similar values for the partial functions of the entropy are obtained,
however, the symmetry number is increased from 1 for C; (bent) to 6 for Dsy (linear). Consequently,
the rotational entropy is increased for the bent molecule. As the other contributions to the entropy
are very similar, the difference in the Gibbs free energy is dominated by this term. As soon as the
temperature is sufficient, the bent structure becomes more reasonable than the linear one. For the
less precise calculation using the def2 ECP, a temperature of at least 770 K is necessary so that the
bent structure is energetically more feasible, in contrast to the experimentally determined values.
However, when using the more precise PBEQ/ZORA method, the bent structure is prevalent already at
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room temperature. Therefore, these results are in line with the experimentally derived structure, the
vibrational spectra[30] but also the theoretical calculations by Forster and coworkers.[2] In line with
their explanation, the linear structure is indeed more stable in terms of electronic energy. However,
due to significant contributions of the entropy term, a bent structure is observed in the electron
diffraction experiments.[1]

Calculation Details
Gaussian:

Optimizations are conducted with various functionals and the described ECPs with either no
constraints or a constrained Re-O-Re angle. For standard calculations, maxstep is set to values
between 8 — 10 in order to achieve tight convergence criteria. For the benchmark calculations using
PBEO-D3 combined with the def2 ECP, verytight convergence criteria for the optimization and a very
fine spherical product grid with 196 608 points per atom (int = -96032) are applied. Frequency
calculations are performed on the calculated converged structures.

Orca:

For the screening of functionals, a fine grid 7 is applied and the final grid is suppressed. For rhenium,
the integral accuracy is increased to 10. The relativistic effects are treated using the onecenter
approximation for both the optimization and the frequency calculations. The SCF convergence criteria
are set to tight. For the benchmark calculation using PBEO-D3/ZORA level of theory, the integration
accuracy is further increased to 10 for oxygen and 20 for rhenium. Very tight convergence criteria for
the SCF and tight convergence criteria for the optimization are applied. Frequency calculations are
performed on the calculated converged structures.
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