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Preface

Nearly every day, contributions on how to approach the challenges of preserving natural re-
sources and exploring novel energy feedstocks can be found in the media. Sustainability has
become an important goal in chemical industry. Great effort is put into the development of
alternative technologies which are designed to respect the principles of sustainable chemistry,
i.e. (i) minimising transport and storage of chemicals through integrated chemical processes,
(ii) designing new synthetic strategies for one-pot reactions instead of multistep processes,
and (iii) using alternative reactants that are less toxic or hazardous.

Catalysis, originating from the Old Greek word κατάλυσις , can be translated as a ”putting
down”,1 which, transferred into the present context, means: a lowering of the energy barrier.
This is indeed the key for the development of future sustainable industrial processes. The re-
vision of existing industrial productions to meet today’s ecological and economical standards,
all the while keeping up the productivity, would not be achievable without designing new cat-
alysts and enhancing the performance of existing ones. Catalysts allow accessing naturally
abundant raw materials that are hardly used nowadays due to their inertness, e.g. carbon diox-
ide and methane. Moreover, they open new possibilities for reaction pathways that require
less energy input in form of heat or pressure, and that save resources through higher selectiv-
ity towards the product and reduced waste production, with by-products that eventually even
serve as feedstock for other processes, in both bulk and fine chemical synthesis.
In particular, epoxidation catalysis plays a crucial role in industry, as epoxides are important
building blocks in chemical synthesis. Their derivatives appear in nearly every part of daily
life, their range of application reaching from disinfectants via materials (e.g. polyester fibres,
foils and bottles), antifreeze in cars and airplanes and biodegradable detergents to pharma-
ceuticals and cosmetics. The need to develop processes that are working under more benign
conditions is apparent.

This thesis presents the results of experimental investigations of two catalytic systems. On
the one hand, the influence of novel chromophoric nitrogen-donor ligands on the methyltri-
oxorhenium (MTO) catalysed olefin epoxidation with hydrogen peroxide as an oxidant was
examined. The photochemistry of these kind of MTO adducts had been previously unknown,
and we expected a beneficial effect through weakening bonds that have to be broken during
the catalytic cycle. On the other hand, organomolybdenum compounds were studied function-
ing as olefin epoxidation catalysts. They were being used for exploring how the mechanism
of this reaction works. Numerous computational studies provided the basis for controversial
debates on this mechanism. This thesis now provides experimental studies for a better insight.

1from Liddell / Scott / Jones, ”A Greek-English Lexicon” (1996), Bath.
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1 Epoxidation of Olefins with
Homogeneous Catalysts - quo vadis?

This chapter originated the following publication:
S. A. Hauser, M. Cokoja, F. E. Kühn, Cat. Sci. Technol., 2013, accepted.
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1.1 Background

The epoxidation of olefins is a reaction of high relevance in both industry and academia.
Epoxides are very important intermediates in the chemical industry, particularly for the syn-
thesis of various polymers (polyglycols, polyamides, polyurethanes, etc.),1 but they are also
being used in the synthesis of fine chemicals, such as pharmaceuticals, food additives, or
flavour and fragrance compounds.2 The biggest market is propylene oxide, which is currently
produced on a scale of 8 million tons/year with an expected annual increase of 5%.3 For ethy-
lene and propylene oxide, heterogeneous catalysts, such as Ag@Al2O3 (for ethylene oxide)
and titania-doped zeolite-type silicates (TS-1, for propylene oxide), developed by EniChem,
Evonik, Dow and BASF are the state-of-the-art processes.3 Main reasons for their application
are the catalyst recycling, which is intrinsically easier for heterogeneous catalysts, as well as
their long-time stability, product selectivity and the type of oxidant. Whereas the heteroge-
neous catalysts usually rely on cheap oxygen, either used directly (in the case of ethylene ox-
ide production), or indirectly (e.g. for the production of H2O2 or organic peroxides), homoge-
neous catalysts often require rather ’exotic’ (from an industrial perspective) oxidants, such as
NaOCl, iodosobenzene, amine- or pyridine-N-oxides. Thus, molecular epoxidation catalysts,
such as the most prominent examples by Katsuki/Sharpless,4 Kochi/Jacobsen,5 Herrmann6

and others have so far mainly been used in the synthesis of more or less sophisticated organic
molecules, as shown in several reviews.7,8 Asymmetric epoxidation of prochiral olefins is, of
course, difficult to achieve with heterogeneous catalysts, and molecular catalysts are consid-
ered to be much more promising, by tuning the organic ligands at the metal, giving high enan-
tiomeric excesses (ee). For these reactions, especially salen-type ligands appear to be the best
choice;9,10 they, however, render the catalysts very expensive. Thus, a lot of effort has been
devoted to the development of other molecular catalysts, such as dioxo molybdenum com-
plexes and half-sandwich cyclopentadienyl molybdenum compounds.11−13 In the case of the
very versatile catalyst methyltrioxorhenium (MTO), which utilises aqueous H2O2 as oxidant,
all attempts to create a chiral version leading to high enantioselectivity in epoxidation have –
so far – failed.14,15 Effective transmission of chirality can be obtained with lanthanide/1,1’-
binaphthyl-2,2’-diol (BINOL) catalytic systems. They are, however, especially suited for
enones.16,17 Meanwhile, also metal-free organocatalysts are used for asymmetric epoxidation
of complex organic olefins, and they are successfully applied with a variety of oxidants: ox-
one (KHSO5), aqueous hydrogen peroxide (H2O2), urea hydrogen peroxide (UHP) and even
molecular oxygen (O2).18−20 Nevertheless, these catalyst systems are usually applied for spe-
cial organic substrates, where the epoxidation is normally one of many reaction steps towards
a particular chemical.
Many reports on catalytic epoxidation in homogeneous phase notoriously do not comment on
factors, which are important for an efficient, long-term (industrial) application, such as turn-
over frequencies (TOF) and numbers (TON), catalyst/product separation and recycling, and
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catalyst stability. Further, the best known molecular epoxidation catalysts were not tested for
ethylene and propylene epoxidation. In order to achieve an efficient catalyst separation, many
groups focused on the immobilisation on solid supports,21 which is, however, often associ-
ated with a significant loss of catalytic activity. Another extensively studied possibility are
two-phase reactions in ionic liquid (IL) media, where the catalyst is dissolved in the IL and
substrate and product are immiscible.22,23

Looking at the recent developments in epoxidation with molecular transition metal catalysts,
the question can be raised, what the perspectives, i.e. the demands for an epoxidation catalyst
are. In this chapter, the following two questions are discussed:
1) Which are the state-of-the-art catalysts for different types of olefins, such as cyclooctene,
1-octene, styrene, prochiral olefins, but also ethylene and propylene? To date, complexes of
various metals bearing different ligands are known. Which of all those complexes is – among
the plethora of available catalysts – the most widely applicable?
2) Do these catalysts exhibit a perspective to be used in industrial, large-scale epoxidation
reactions, going well beyond being used for one of several (or many) synthesis steps in fine
chemical synthesis? Do they exhibit a perspective for the epoxidation of ethylene and propy-
lene; can they compete to the well-established industrial processes?

1.2 Epoxidation of cis-cyclooctene

Cis-cyclooctene is the most used test substrate in academic research. This olefin is partic-
ularly suitable for assessing the catalytic performance of a new compound, as it is easily
epoxidised in presence of a catalyst. Hence, it is broadly used as benchmark substrate for
catalyst comparison. However, the reaction conditions (temperature, catalyst concentration,
duration, etc.) strongly influence the catalyst activity. Thus, it is of great importance to se-
lect a suitable reaction system for every catalyst and to bear in mind the conditions for the
comparison of the catalyst performances. A specific characteristics exists that is intended
to enable easy comparison, namely the turn-over frequency (TOF), which determines the
amount of substrate (in mol) converted by the applied amount of catalyst (in mol) per unit
time (usually given in hours). This number is usually calculated during the initial phase of the
catalytic reaction, where the kinetics curve of product build-up shows a steep increase, sub-
strate molecules are plentiful and diffusion is not a limiting factor. Unfortunately, the TOF is
often not mentioned/determined in publications, so other features have to be considered: the
faster a quantitative conversion is achieved, the better the catalyst appears to work. Another
possibility of differentiation is the turn-over number (TON), which states the catalyst lifetime.
It is calculated by the maximum amount of substrate (in mol) converted by the applied amount
of catalyst (in mol) during its lifetime. Unfortunately, the published TONs are often calcu-
lated based on one single catalytic run, ignoring the remaining catalyst activity. There are
three current benchmark catalysts (Figure 1.1), all of them showing very high TOFs. There
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are two molybdenum-based complexes: [Mo2(OtBu)6] (1) reaches a TOF of above 50,000
h−1, i.e. 25,000 h−1 per Mo centre, at a catalyst loading of 0.05 mol% with nearly quantita-
tive yield.24 The so-called ansa-complex [Mo(η5-C5H4(CH(CH2)3)-η1-CH))(CO)3] (2) even
reaches a TOF of 44,000 h−1 (at a concentration of 0.05 mol% in a room temperature ionic
liquid (RTIL)).25 A TOF of almost 40,000 h−1 has been attained with 0.01 mol% methyl-
trioxorhenium (MTO, 3), applied with an excess of pyrazole in hexafluoroisopropanol, and
yielding full conversion of the substrate.26

Figure 1.1 Three outstanding (pre-)catalysts for the epoxidation of cyclooctene.

Further (pre-)catalysts exhibit a TOF of above 4,000 h−1 (Table 1.1, Entries 4-8). Inter-
estingly, these are all molybdenum-based complexes, working with tert-butyl hydroperoxide
(TBHP) in decane as oxidant.27−31 The dioxomolybdenum catalyst 9 (Table 1.1, Entry 9) has
a high catalytic activity,32 as well as the tungsten-based complexes 10 and 11 (that are applied
with aqueous H2O2 as oxidant; Table 1.1, Entries 10-11). At low catalyst loadings, they reach
quantitative substrate conversion within a reasonable time.33,34 Peracetic acid is used in the
reaction with the dimeric Mn-catalyst 12, which quantitatively converts cyclooctene to the
epoxide within 3 min (at 3 mol% catalyst loading, Entry 12).35

1.3 More demanding substrates

After a catalyst performance has been assessed in the epoxidation of cyclooctene, a range of
aromatic or aliphatic substrates are available to show the catalyst potential. There are two
model substrates, an aliphatic terminal olefin (1-octene) and an aromatic alkene (styrene).
They both are more difficult to epoxidise and are prone to ring-opening by-product formation,
thus allowing a more subtle distinction of the catalytic power of a catalyst.

1.3.1 1-Octene

MTO (3) confirms its great potential as epoxidation catalyst, as it shows the best performance
in the epoxidation of 1-octene. Applied under similar reaction conditions as for cyclooctene,
the catalytic system reaches a TOF of nearly 5,000 h−1, yielding 89 % epoxide within 3
h.26 Together with compound 1 (86 % yield in 16 h with 0.5 mol% catalyst), two other
Mo-complexes presented in the previous section exhibit high catalytic activities for terminal
olefins as well (Figure 1.2).32,35
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Table 1.1 Metal complexes with a good performance in the epoxidation of cyclooctene.

Entry Complex T / °C Time / h Solvent Catalyst conc. (mol%) Yield (%) TOF / h−1 Ref.
1 [Mo2(OtBu)6] (1) 25 0.03 CH2Cl2 0.05 86 25,000 24
2 [Mo(η5-C5H4(CH(CH2)3)-η1-CH))(CO)3] (2) 25 0.03 Ionic liquid 0.05 —c 44,000 25
3 [CH3ReO3] (3) 0 3 Hexafluoroisopropanol 0.01 100 39,000 26
4 [Mo(O)2(L1)2]a (4) 80 1 1,2-Dichloroethane 0.02 96 4,800 27
5 [Mo(O)2(Cl)2(L2)]a (5) 25 24 Ionic liquid 0.1 99 8,090 28
6 [CpoxMo(CO)2(NCMe)]BF4

b (6) 55 0.5 CHCl3 0.2 90 5,421 29
7 [Mo(η5−C5(C6H5)5)(O)2Cl] (7) 55 24 — 0.1 80 4,000 30
8 [Mo(O)2(L3)2]a (8) 55 4 CHCl3 0.02 >99 5,000 31
9 [Mo(O)2(L4)(CH3OH)]a (9) 80 0.75 1,2-Dichloroethane 1 100 n.d. 32
10 (L5)2[W2(O)3(O2)4] (10) 80 4 MeCN 0.2 100 n.d. 33
11 (L6)4[γ−SiW10O34(H2O)2]a (11) 32 2 MeCN 0.8 >99 n.d. 34
12 [Mn2L7(µ−OAc)3]PF6

a (12) 25 0.05 MeCN 3 100 n.d. 35

aL1 = 2-(2’-hydroxyphenyl)oxazolinate; L2 = 5,5’-bis-methoxycarbonyl-2,2’-bipyridine; L3 = 5-(2’-hydroxyphenyl)pyrazole; L4 = 2[(2-hydroxy-2-phenylethylimino)methyl]
phenol; L5 = tetrahexylammonium; L6 = tetrabutylammonium; L7 = E-1,2-bis(2,2’-bipyridyl-6-yl)ethene. bCpox = cyclopentadienyl ligand with pendant oxazoline group.
cnot stated in the article.
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Figure 1.2 Efficient catalysts for the epoxidation of 1-octene.

Bhattacharyya et al. reported the successful application of an ionic diperoxo tungsten
complex, PPh4[WO(O2)2(1-(2’-hydroxy-phenyl)ethanonoxime)] (13), in the epoxidation of
1-octene with H2O2.36 A very low catalyst concentration (0.05 mol%) yields 95 % 1-octene
oxide within 2.25 h in acetonitrile at 40 °C. The polyoxovanadotungstate complex [µ-1,2-
H2SiV2W10O40]4− (14) is also a good catalyst for terminal olefins.37 With H2O2 as oxidant,
this system reaches a yield of 93 % (with 99 % selectivity) at a concentration of 5 mol% at
room temperature.

1.3.2 Styrene

One of the catalysts succeeding in high yielding epoxidation of styrene is again MTO (3).
It reaches quantitative substrate conversion in 3 h at 25 °C, with only 0.5 mol% catalyst
applied.38 A very high TOF (> 3,000 h−1) has been obtained with a manganese complex
containing a tetradentate nitrogen base ligand (15).39 This complex, prepared by Costas et
al., yields 86 % styrene oxide within 3 min with peracetic acid as oxidant. Comba and co-
workers optimised the reaction conditions for iron bispidine complexes,40 achieving with one
of them (16) nearly quantitative yields at room temperature within 24 h (with iodosoben-
zene as oxidant). Good results have also been obtained with the molybdenum complex
PPh4[MoO(O2)2(1-(2’-hydroxyphenyl)ethanonoxime)] (17)36 as well as the simple iron trichlo-
ride hexahydrate (18).41 In presence of pyridine-2,6-dicarboxylic acid and H2O2, 18 forms an
efficient catalytic system that yields 91 % epoxide at a catalyst loading of 5 mol%, within 1 h
at room temperature.

1.4 Terpenes

Mono- and bicyclic monoterpene hydrocarbons occur in many essential oils and their by-
products, and they represent an important group of renewables which can be catalytically
converted to fine chemicals. The industrially most important member of the terpene family is
1,2-limonene oxide, it finds application in the perfume industry and is widely used as build-
ing block in the manufacture of a range of important commercial products.42,43 α-Pinene is
also utilised as starting material in the synthetic manufacture of flavours and fragrances.42,44
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Moreover, it is an intermediary species in the synthesis of Taxol, an anticancer drug.45 The
bicyclic terpene camphene is found in a variety of living conifers as well as in fossilized am-
ber.46 It is a valuable precursor for complex molecules, e.g. in the synthesis of a spiroring
system containing a benzopyram moiety.47 Another member of the terpene family is the ter-
penoid geraniol. This prochiral allylic alcohol is commonly used in perfumery, due to its own
fresh, citrus flavour, and as precursor in the synthesis of a variety of other floral fragrances.48

The following paragraphs assemble the best reaction protocols for terpene oxidation (sub-
strates are depicted in Figure 1.3), based on substrate conversion and epoxide selectivity,
from which the latter one is by far more important.

Figure 1.3 Terpene substrates covered in this chapter: (a) limonene, (b) α-pinene, (c) camphene, and (d) geraniol.

1.4.1 Limonene

Quantitative and selective conversion of limonene to 1,2-limonene oxide has only been re-
ported in three publications, and an elaborate substrate:oxidant:catalyst ratio has proven to be
crucial. Upon mixture of limonene, MTO (3; 5 mol%) and urea hydrogen-peroxide (UHP;
200 mol%) in chloroform, Boehlow and Spilling claimed 99 % yield of the monoepoxide
after 30 minutes at 20 °C.49 The other examples reaching these results involve molybdenum-
based catalysts: Driess and co-workers applied the pre-catalyst [Mo2(OtBu)6] (1), together
with TBHP as oxidant, and received > 99 % yield in 40 min.24 This reaction has been car-
ried out at room temperature, what is advantageous compared to the third catalytic system
(55 °C), developed by Royo et al.29 The complexes [CpoxMo(CO)2(NCMe)]BF4 (6) and
[CpoxMo(C3H5)(CO)2] (19) perform equally well: within 1 h, the conversion of limonene to
1,2-limonene oxide is complete (with TBHP as oxidant). A nearly quantitative conversion
with very good epoxide selectivity (98 %) has been achieved as well with 1 mol% tungsten-
based complex, [(C6H13)4N]3[PO4W2(O)2(µ-O2)2(O2)22] (20), and H2O2 as oxidant at room
temperature in only 30 min.50 Manganese complexes, e.g. Jacobsen’s catalyst51 (21) and
Mn(OAc)3 ·2 H2O (22),52 also proved to be suitable catalysts for this reaction, showing ex-
cellent selectivity to 1,2-limonene oxide (100 %) with acceptable conversion (55 % and 96
%, respectively). Kühn et al. published a detailed investigation on the best reaction condi-
tions employing MTO (3) as catalyst.53 The highest selectivity towards 1,2-limonene oxide
is obtained with a ratio of limonene:MTO:t-butylpyridine:H2O2 of 100:0.5:10:150, leading to
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the formation of 1,2-limonene oxide with a yield of 77 % (96 % selectivity with respect to
substrate conversion) after 1 h (25 °C, CH2Cl2 as solvent).

1.4.2 α-Pinene

For the epoxidation of α-pinene, MTO (3) is again the catalyst of choice, as the results show
in Table 1.2. The best and straightforwardly applicable system was reported only last year by
Kühn and co-workers (Table 1.2, Entry 4).54

Table 1.2 MTO-catalysed epoxidation of α-pinene.

Entry Cat. conc. (mol%) T / °C t / h Solvent Oxidant Conv. (%) Sel. (%) Ref.
1 0.5 25 2.5 CH2Cl2 H2O2 90 90 55
2 1 25 2 CH2Cl2 H2O2 70 50 56
3 0.3 10 5 — H2O2 >99 95 57
4 0.5 0 5 CH3NO2 UHP 100 100 54

1.4.3 Camphene

Camphene oxide can be successfully obtained through epoxidation of camphene with a variety
of transition metal complexes, in contrast to α-pinene. Nevertheless, MTO (3) features once
again among the best catalysts.58 In the biphasic system H2O2/CH2Cl2 at 25 °C, it leads to
97 % yield of camphene oxide (with a selectivity of 98 %). Another potent catalytic system
was reported by Mirkhani et al.59 A Mn(salen)OAc complex (23) effectively catalyses the
epoxidation of camphene with sodium periodate (NaIO4), reaching 97 % yield in 10 min at
25 °C. A far less exotic oxidant, namely molecular oxygen at atmospheric pressure, needs
the tris(tetrazolylenolate)iron(III) complex (24) to catalyse the epoxidation of camphene.60

1 mol% catalyst are sufficient to yield 87 % epoxide after 4 h at 20 °C. The same oxidant
(O2) is used with the cobalt-based complex 25 (Figure 1.4), leading to a good yield (72 %) of
camphene oxide.61

Figure 1.4 A good catalyst for camphene epoxidation with O2 as oxidant.

1.4.4 Geraniol

The first protocol for catalytic asymmetric epoxidation was reported by Sharpless and Katsuki
in 1980.4 The components of the catalytic system, i.e. (+)- or (–)-diethyl tartrate, titanium
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tetraisopropoxide (26) and TBHP, are all commercially available at moderate cost (Scheme
1.1). This fact, as well as the simplicity of the system and the high selectivity, led to the Nobel
Prize for K. B. Sharpless in 2001.62 Although the substrate scope of the system is limited to
allylic alcohols, it is still among the best ones for the epoxidation of geraniol: Reaching a yield
of 77 % (after 18 h at -20 °C), the enantiomeric excess of 95 % has not often been surpassed
until now. After optimisation of this system by addition of molecular sieves and reduction of
the catalyst loading to 5 mol%, Sharpless et al. managed to get a higher yield of 2,3-epoxy-
geraniol (99 %), but the ee slightly decreased (91 %).63 The same ee (91 %) is obtained
with [Ti(OiPr)4] (26) in presence of L-diisopropyl tartrate (L-DIPT), however, the yield is
somewhat lower (58 %).64 The advantage of this catalytic system consists in the possibility to
apply a renewable oxidant, namely tertiary furyl hydroperoxide. If the epoxidation of geraniol
is catalysed by a [VO(OiPr)3]/chiral bishydroxamic acid system (27) with aqueous TBHP as
oxidant, a yield of 68 % and an ee of 95 % are reached, by applying only 1 mol% catalyst.65

Scheme 1.1 Sharpless epoxidation of geraniol.

1.5 Prochiral olefins

Apart from terpenes and terpenoids, a variety of prochiral olefins are ubiquitous in fine chem-
ical industry. The beneficial characteristics of epoxidation reactions is the ability of creating
two stereogenic centres with one chemical reaction, and the epoxides are highly versatile
chiral building blocks in pharmaceuticals manufacture and the production of flavour and fra-
grances. For this chapter, a selection of prochiral olefins has been made for presenting the
state-of-the-art catalysts in homogeneous asymmetric epoxidation. They have been chosen in
terms of enantioselectivity and activity, all by accepting higher catalyst loadings in favour of
shorter reaction times, as with time, by-products are accumulating. Solely catalytic systems
that effectively induce enantioselective products are presented herein.

1.5.1 Aryl-substituted olefins

A wide range of transition-metal based catalysts have been applied in the epoxidation of trans-
β-methylstyrene, however, only a handful ruthenium complexes, which are summarised in
Table 1.3, reach high yields combined with very good ee’s.
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Figure 1.5 Selected aryl-substituted olefins.

As in the case of trans-β-methylstyrene, epoxidation of stilbene often leads to racemic
mixtures (see Figure 1.5 for substrates). The above-mentioned Ru-based catalyst 31 also
performs well in the epoxidation of trans-stilbene, giving the best yield (100 %) with encour-
aging 54 % ee.69 Slightly higher selectivity to the S,S-epoxide shows [Ru(pydic)(pyboxip)]
(32; 80 % yield, 63 % ee), although the reaction time (96 h) is significantly longer.70 Fi-
nally, a very promising system has been developed by Beller et al.71 The catalyst con-
sists of FeCl3 ·6 H2O (18), pyridine-2,6-dicarboxylic acid, and a readily accessible chiral N-
arenesulfonyl-N’-benzylsubstituted ethylenediamine ligand. Stirring of the reaction mixture
(H2O2 as oxidant) for 1 h at room temperature yields 87 % R,R-stilbene oxide with an ee of
42 %.

Table 1.3 State-of-the-art catalysts for trans-β-methylstyrene epoxidation (depicted in Figure 1.6).

Entry Catalyst T / °C t / h Solvent Oxidant Yield (%) ee (%) Ref.
1 28 (0.1 mol%) 25 24 CH2Cl2 PhIO 99 100 66
2 29 (5 mol%) 0 48 chlorobenzene O2 91 91 67
3 30 (5 mol%) 25 36 chlorobenzene O2 (hν) 59 87 68
4 31 (5 mol%) 25 12 t-amyl alcohol H2O2 95 72 69
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Figure 1.6 Four complexes successfully applied in trans-β-methylstyrene epoxidation.
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1.5.2 Cyclic alkenes

For the cyclic prochiral alkenes, the class of benzene-fused cycloalkenes has been chosen
(Scheme 1.2). 1,2-Dihydronaphthaline (n = 2) is the most often applied substrate. Various
catalytic systems (Table 1.4, Entries 1, 4, 7, 9, 10) achieve high ee’s in combination with good
yields. Three of the catalysts showing an excellent performance in the epoxidation of 1,2-
dihydronaphthaline can also be successfully applied in the synthesis of indene oxide (Table
1.4, Entries 2, 5, 8). The reaction times are mostly somewhat longer, however, the selectivity
is kept at a high level (> 97 %). The enantioselective epoxidation of benzocycloheptene is
even less prone to be used as assessment for the catalyst performance. The Entries 3, 6, and
11 in Table 1.4 present the only catalysts, that were also applied in the epoxidation of this
olefin.

Scheme 1.2 Epoxidation of benzene-fused cycloalkenes.

Table 1.4 Complexes successfully catalysing the epoxidation of benzene-fused cycloalkenes (depicted in Figure
1.7).

Entry Catalyst Substrate T t Solvent Oxidant Yield ee Ref.
/ °C / h (%) (%)

1 33 n = 2a 25 12 CH2Cl2 H2O2 >99 >99 72
2 n = 1b 24 ethyl acetate 87 99
3 n = 3c 24 85 98
4 34 n = 2a 40 6 CH2Cl2/ H2O2 99 98 73
5 n = 1b 6 phosphate buffer 98 98
6 n = 3c 9 77 97
7 35 n = 2a 25 3 CH2Cl2 H2O2 90 95 74
8 n = 1b 18 88 97
9 36 n = 2a 25 18 THPd 98 95 75

10 37 n = 2a -18 1 CH2Cl2/ UHP 70 73 76
11 n = 3c 1.5 DMF POHP/MAe 73 92

a1,2-Dihydronaphthaline
bIndene
cBenzocycloheptene
dTrityl hydroperoxide
eTriphenylphosphine oxide-H2O2/maleic anhydride.
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Figure 1.7 Benzene-fused cycloalkenes are epoxidised in high yields and good ee’s by those five complexes.

1.5.3 α,β-Unsaturated ketones

The asymmetric epoxidation of electron-deficient olefins is especially useful in the synthesis
of a variety of natural products and pharmaceuticals. We have chosen chalcone as a represen-
tative example for the determination of the most potent catalysts (Scheme 1.3). Interestingly,
not compounds containing the transition metals presented in the previous paragraphs give the
best results, but mainly lanthanoid complexes. Shibasaki’s report about Ln/BINOL catalytic
systems17 marked the beginning of extensive research to find the optimum reaction condi-
tions. Table 1.5 summarises the best catalytic systems, specifying the components present in
the reaction mixture in addition to the chiral ligand BINOL. The systems are listed with their
single components, as the real catalytic species is still a matter of investigation.

Scheme 1.3 Enantioselective epoxidation of the α,β-unsaturated ketone chalcone.

Table 1.5 Catalytic systems containing the chiral ligand BINOL, which efficient catalyse the asymmetric epoxi-
dation of chalcone.

Entry Metal precursor Cat. conc. T Time Solvent Additive Oxidant Yield ee Ref.
(mol%) / °C / h (%) (%)

1 Yb(OiPr)3 (38) 5 25 1 THF H2O TBHP 99 81 77
2 La(OiPr)3 (39) 5 25 0.5 THF PH3PO TBHP 99 96 78
3 La(OiPr)3 (39) 5 25 0.25 THF PH3AsO TBHP 98 96 79
4 La(OiPr)3 (39) 5 25 0.2 THF PH3PO CHPa 99 >99 80
5 ZnEt2 (40) 20 25 1 Et2O — CHPa 99 90 81

aCumene hydroperoxide.
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1.6 Epoxidation of industrially relevant bulk olefins

1.6.1 Ethylene

Nowadays, industrial ethylene oxide production mainly employs the heterogeneous oxidation
of ethylene by O2 with a silver-based catalyst. This reaction has been developed by Shell in
1958,82 and still presents the method of choice. Nevertheless, there is some need for further
research: First, the reaction conditions of the heterogeneous process are quite harsh, high
temperatures (above 200 °C) have to be maintained, and secondly, the gas phase, a ethylene
oxide/O2 mixture, represents a security risk, as it is a potential explosive. Thirdly, it is desir-
able to reduce the large amount of CO2 emitted as by-product (through combustion of ethylene
and ethylene oxide). These requisites for a ’greener’ method are all met by a recent publica-
tion by Subramaniam et al.83 To the best of our knowledge, it represents the only report about
the homogeneous transition-metal catalysed epoxidation of ethylene. The procedure consists
of a constant-pressure batch reactor, which is charged with an alcoholic solvent (preferably
methanol), the catalyst and oxidant (MTO (3) and H2O2) as well as pyridine-N-oxide as Lewis
base. The reactor is pressurised with 50 bar ethylene and heated to 40 °C. With this method,
ethylene oxide yields of over 50% after 9 h reaction time have been achieved.83

1.6.2 Propylene

Propylene oxide is one of the major commodity chemicals used in chemical industry, and its
production is mainly based on three different processes. The benchmark is the aforemen-
tioned hydrogen peroxide-propylene oxide (HPPO) process using the TS-1 catalyst. The non-
catalytic chlorohydrin method (water as oxygen source) is outfashioned, as large amounts of
Cl2 are consumed and a lot of chlorinated toxic waste is produced. The hydroperoxide method,
which is also known as the Halcon-ARCO process (tert-butyl hydroperoxide), and further de-
veloped by the Sumitomo company (cumene hydroperoxide) is also currently used.3,84−86 All
processes require in situ production of the oxidants which is usually a quite energy-demanding
process, and the direct oxidation by O2 is prohibited, due to side reactions and combustion,
respectively. Moreover, the catalytic processes suffer from a decomposition of the oxidant,
particularly in the case of TS-1. Therefore, the direct oxidation of propylene to propylene
oxide, in a more environmentally friendly way and with a minimal formation of by-products
has been one of the most desirable goals for the chemical industry. Homogeneous catalytic
epoxidation of propylene suffers from the difficulty of catalyst separation and re-use; never-
theless, the reaction can take place under milder conditions. The first report of homogeneous
catalytic propylene epoxidation with high selectivity to propylene oxide dates back to 1995.
An EuCl3 catalytic system (41, in presence of Zn powder and acetic acid) allows the selective
synthesis of propylene oxide with molecular oxygen as oxidant, however, the yields have been
very low (2 %).87 Zuwei et al. managed to circumvent the drawbacks of homogeneous catal-
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ysis by developing a reaction-controlled phase-transfer catalysis.88 The polyoxo-tungstate
catalyst [π−C5H5NC16H33]3[PO4(WO3)4] (42) forms a soluble, active species in presence of
H2O2. At the end of the reaction, when the oxidant is used up, the complex precipitates from
the reaction mixture and can easily be reused. Moreover, by coupling the H2O2 production
process to the 2-ethylanthraquinone/2-ethylanthrahydroquinone redox process, the catalytic
epoxidation of propylene occurs without relevant by-product formation89 and with constant
yield of propylene oxide (around 85 %) over 3 cycles. Another environmentally friendly route
to propylene oxide was found by Mizuno et al.34 The silicotungstate compound (11) exhibits
a very good selectivity (> 99 %) for the epoxide in the oxidation of propylene with H2O2.
After a reaction time of 8 h, a yield of 90 % propylene oxide is achieved, with a reaction
temperature only slightly above room temperature (32 °C).

Figure 1.8 A fluorinated Pt-catalyst for propylene epoxidation.

A well-performing catalyst was recently reported by Strukul and co-workers.90 The Pt-
based fluorinated complex (43) (Figure 1.8) showed excellent catalytic activity with H2O2

as oxidant (98 % yield, 100 % epoxide selectivity). However, the need for very low reaction
temperatures (-10 °C) as well as the high cost of the catalyst excludes this system from further
development for an industrial bulk chemical production. In 2007, Subramaniam et al. pre-
sented a novel biphasic reaction for propylene oxide synthesis.91 The oxidation is catalysed
by a MTO/H2O2 system in methanol, and they claim propylene oxide yields exceeding 98 %.
The reaction proceeds at near-ambient temperature, however, the need for high pressures of
gaseous N2 (20 bar), in order to enhance the propylene solubility in the liquid phase, presents
a major drawback for industrial application.

1.7 Conclusion

Catalytic epoxidations of olefins, particularly in homogeneous phase, are among the best stud-
ied reactions in molecular (transition metal) catalysis. A broad scope of different transition
metals, among which are Ti-, V-, Cr-, Mo-, W-, Mn-, Re-, Fe and Ru-catalysts, using quite a
wide range of different oxidants, have been presented in the literature so far. They are usu-
ally capable to form stable epoxides in good to excellent yields without diol formation – the
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most likely side reaction. Meanwhile, a good range of different olefins has been tested, from
cyclic olefins (which are quite easy to epoxidise) to acyclic/terminal olefins (usually challeng-
ing for epoxidation). Also, numerous asymmetric epoxidations have been presented so far,
giving good enantiomeric excesses. However, most reports are constricted to a one-time use
of the catalyst, which is, presumably, in most cases destroyed upon work-up/product sepa-
ration. The catalysts, which have been shown to exhibit a good activity when immobilised
(ionic liquids give better results than catalysts anchored/grafted to solid supports) yet have to
prove themselves to a) be efficient without activity loss for significantly more than 10, prefer-
ably for more than 10,000 runs, and b) be cheap. To the authors’ opinion, these restrictions
– catalyst recycling and price – are the drawbacks which homogeneous epoxidation catalysts
have to overcome if they want to be competitive beyond academic interest. Particularly in the
epoxidation of ethylene and propylene, remarkably little has been published, in comparison
to the high number of reports on the epoxidation of easy-to-oxidise olefins (e.g. cyclooctene).
Simple organometallic compounds, such as MTO, cover a wide range of olefin substrates.
Particularly MTO seems to be one of the most potent catalysts. However, its high price (price
of rhenium, but also accounting for the (somewhat) demanding synthesis) still does not render
it interesting for industrial purposes, even more as it is not suitable for asymmetric catalysis.

15



1.8 References

1. F. Cavani, J. H. Teles, ChemSusChem, 2009, 2, 508.

2. S. M. Roberts, J. Whittall, Eds., Catalysts for fine chemical synthesis: Regio- and stereo-
controlled oxidations and reductions, Vol. 5; John Wiley Sons, Ltd: England, 2007.

3. T. A. Nijhuis, M. Makkee, J. A. Moulijn, B. M. Weckhuysen, Ind. Eng. Chem. Res.,
2006, 45, 3447.

4. T. Katsuki, K. B. Sharpless, J. Am. Chem. Soc., 1980, 102, 5974.

5. (a) K. Srinivasan, P. Michaud, J. K. Kochi, J. Am. Chem. Soc., 1986, 108, 2309. (b) W.
Zhang, J. L. Loebach, S. R. Wilson, E. N. Jacobsen, J. Am. Chem. Soc., 1990, 112, 2801.

6. (a) W. A. Herrmann, R. W. Fischer, D. W. Marz, Angew. Chem., Int. Ed., 1991, 30, 1638.
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Kühn, A. Scherbaum, W. A. Herrmann, J. Organomet. Chem., 2004, 689, 4149.

7. K. A. Jørgensen, Chem. Rev., 1989, 89, 431.

8. B. S. Lane, K. Burgess, Chem. Rev., 2003, 103, 2457.

9. P. G. Cozzi, Chem. Soc. Rev., 2004, 33, 410.

10. T. Katsuki, Synlett, 2003, 281.
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13. N. Grover, F. E. Kühn, Curr. Org. Chem., 2012, 16, 16.

14. J. H. Espenson, Chem. Commun., 1999, 479.

15. J. J. Haider, R. M. Kratzer, W. A. Herrmann, J. Zhao, F. E. Kühn, J. Organomet. Chem.,
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41. B. Bitterlich, K. Schröder, M. K. Tse, M. Beller, Eur. J. Org. Chem., 2008, 4867.

42. P. Gallezot, Catal. Today, 2007, 121, 76.

17



43. C. Sell, The Chemistry of Fragrance: From Perfumer to Consumer, 2nd ed.; The Royal
Society of Chemistry: United Kingdom, 2006.

44. C. Fischer, Food Flavors: Biology and Chemistry; The Royal Society of Chemistry:
United Kingdom, 1997.

45. P. A. Wender, T. P. Mucciaro, J. Am. Chem. Soc., 1992, 114, 5878.

46. D. H. Grayson, Nat. Prod. Rep., 1998, 15, 439.

47. M. Majewski, G. W. Bantle, Synth. Commun., 1992, 22, 23.

48. A. Corma, S. Iborra, A. Velty, Chem. Rev., 2007, 107, 2411.

49. T. R. Boehlow, C. D. Spilling, Tetrahedron Lett., 1996, 37, 2717.
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340, 9.

55. A. L. de Villa, D. E. D. Vos, C. C. de Montes, P. A. Jacobs, Tetrahedron Lett., 1998, 39,
8521.

56. H. Rudler, J. R. Gregorio, B. Denise, J.-M. Brégeault, A. Deloffre, J. Mol. Catal. A:
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81. A. Minatti, K. H. Dötz, Eur. J. Org. Chem., 2006, 268.

82. P. A. Kilty, W. M. H. Sachtler, Catal. Rev., 1974, 10, 1.

83. H.-J. Lee, M. Ghanta, D. H. Busch, B. Subramaniam, Chem. Eng. Sci., 2010, 65, 128.

84. J. Kollar, Catalytic epoxidation of an olefinically unsaturated compound using an or-
ganic hydroperoxide as an epoxidizing agent, Halcon International, Inc., U.S. Patent
3,350,422, 1967.

85. J. Kollar, Epoxidation process, Halcon International, Inc., U.S. Patent 3,351,635, 1967.

86. M. N. Sheng, J. G. Zajacek, Method of Producing Epoxides, The Atlantic Richfield
Company, G.B. Patent 1,136,923, 1968.

87. I. Yamanaka, K. Nakagaki, K. J. Otsuka, Chem. Commun., 1995, 1185.

19



88. X. Zuwei, Z. Ning, S. Yu, L. Kunlan, Science, 2001, 292, 1139.

89. Z. Ning, X. Zuwei, C. Guoying, G. Shuang, Appl. Catal., A, 2003, 250, 239.

90. M. Colladon, A. Scarso, P. Sgarbossa, R. A. Michelin, G. Strukul, J. Am. Chem. Soc.,
2006, 128, 14006.

91. H.-J. Lee, T.-P. Shi, D. H. Busch, D. Subramaniam, Chem. Eng. Sci., 2007, 62, 7282.

20



2 Objectives

This work concentrates on two transition metals that are known in epoxidation catalysis: rhe-
nium and molybdenum. In the case of the former, only the high valent methyltrioxorhenium
(MTO) will be discussed, whereas for the latter, a range of organometallic Mo(II) and Mo(VI)
complexes will play an important role.
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2.1 Methyltrioxorhenium

After its discovery in the late 1970s, MTO was regarded as a lab curiosity due to its restrictive
synthesis.1 Nevertheless, a better synthetic procedure was soon developed and it revealed its
outstanding catalytic potential.2 It is an efficient catalyst not only for olefin epoxidation,3 but
for several other reactions as well, namely olefin metathesis, aldehyde olefination and even
deoxygenation of epoxides.4 In contrary to the Mo-catalysed olefin epoxidation, the mech-
anism of the MTO/H2O2 system shown in Scheme 2.1 is widely accepted by the scientific
community.5 Both the mono- and the bisperoxo complex are active epoxidation catalysts,
with a comparable reaction rate.6
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Scheme 2.1 The mechanism of MTO-catalysed olefin epoxidation with H2O2 as oxidant.

Due to the strong Lewis acidity of the metal centre, undesired side reactions such as ring
opening and diol formation are usually occurring for sensitive epoxidation products.7 The
formation of these undesired by-products can be prevented by addition of nitrogen bases,
first shown by Sharpless et al.3 Chapter 3 presents experiments aimed at probing potential
beneficial effects of chromophoric N-donor ligands in MTO adducts, as they might activate the
catalytic system by providing additional energy for weakening bonds that have to be broken
during the catalytic cycle.

2.2 Molybdenum complexes

Monomeric organomolybdenum carbonyl complexes of the general formula [η5-(C5R5)Mo
(CO)3X] (R = H, CH3, CH2Ph; X = alkyl, halide; Figure 2.1, left) are known to be pre-
catalysts applicable in olefin epoxidation.8 A major breakthrough in terms of catalytic activity
was achieved with ansa compounds of the general formula [Mo(η5-C5H4(CH(CH2)n)-η1-
CH)(CO)3] (Figure 2.1, right). In both organic solvents and ionic liquids, they outperform
almost all previously investigated systems.9
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Figure 2.1 A sketch of two monomeric organomolybdenum complexes, with R = H, CH3, CH2Ph and X = alkyl,
halide.

Besides steric influences, the electronic properties of the complex can mainly be hold
responsible for the catalytic performance. The comparison of the known epoxidation pre-
catalyst [CpMo(CO)3CH3] with its fluorinated counterpart [CpMo(CO)3CF3] is presented in
Chapter 4. The complexes are sterically nearly identical, however, the Lewis acidity of the
metal centre and hence, the catalyst activity is supposed to increase as a consequence of the
electron-withdrawing CF3 ligand. Moreover, there is an open discussion about the mech-
anism of the olefin epoxidation mechanism catalysed by Mo-complexes. More than three
decades ago, Mimoun10 and Sharpless11 proposed two mechanisms for this reaction. To date,
even DFT calculations have not provided a clear answer.12 Therefore, our research focus was
set to address the elucidation of the mechanism by an experimental approach. Our inves-
tigations, based on the above-mentioned organomolybdenum carbonyl complexes and their
oxidation products, i.e. dioxo and oxo peroxo Mo(VI) compounds, are presented in Chapter
5. The varying reactivity of [CpMo(CO)3R]-type complexes towards the oxidant tert-butyl
hydroperoxide is discussed in Chapter 6; therein, the complete IR and Raman spectroscopic
analyses of the complexes is presented, providing the basis for force constants calculations of
the molybdenum-carbonyl bonds.
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Chem., 2000, 65, 5001.
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3.1 Background

Much research has been dedicated to the chemistry of methyltrioxorhenium (MTO) since its
discovery by Beattie and Jones1 in the late 1970s and the improvement of the synthesis by
Herrmann and co-workers2 some years later. The latter group discovered the ability of MTO
to act as a versatile catalyst of various organic reactions.3 MTO can be used in several catalytic
processes, for instance olefin metathesis4 and aldehyde olefination.5 Most recently, MTO has
been successfully applied in deoxygenation of epoxides.6 However, the most important and
thus best studied MTO-catalysed reaction is olefin epoxidation.7−9 Due to the strong Lewis
acidity of the metal centre, undesired side reactions such as ring opening and diol formation
are usually occurring. This can be prevented by addition of bases, mostly pyridine, bipyridine
or pyrazole and their derivatives, as shown by Sharpless et al. and other groups.8,10−19

The photochemistry of MTO was for the first time under examination in the early 1990s.20,21

MTO solutions were found to be very sensitive to UV light, the rhenium-carbon bond was
reported to be photolysed after a short irradiation time, with subsequent formation of ReO–

4

and ReO3, at low and high concentrations, respectively.20 Some years later, the studies were
extended to Lewis base adducts of MTO. Interesting properties of these adducts were pub-
lished,22,23 but no further research was conducted in this direction. This prompted us to
investigate the effect of a number of novel chromophoric Lewis base adducts of MTO with
respect to the complex stability under irradiation with UV light.

3.2 Results and Discussion

3.2.1 Synthesis and spectroscopic characterisation

A series of chromophoric pyridine derivatives (1-7, Figure 3.1) was synthesised and the coor-
dination to MTO was examined.

Figure 3.1 Overview of the pyridine derivatives employed as ligands for coordination to MTO.

Complexes 8-14 were formed by treatment of MTO with ligands 1-7 in a 1:1 ratio in di-
ethyl ether at room temperature (Scheme 3.1). Subsequent cooling of the yellow solution led
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to precipitation of yellow crystals, which were isolated by filtration and purified by wash-
ing with n-hexane. The compounds obtained are stable to air, both in the solid state and in
dichloromethane solution.

Scheme 3.1 Adduct formation of MTO with pyridine derivatives in solution.

Selected 1H and 13C NMR spectroscopic data of compounds 8-14 are shown in Table 3.1.
The proton signals of the MTO methyl group of the complexes are considerably shifted to
higher field, indicating the strength of the Re-N bond.15 The same effect is observed in the
13C NMR spectra. The vicinal protons to the nitrogen of the ligand have a different electronic
environment, similar to the methyl group of the MTO, which is manifested by a high-field
shift compared to the free ligand. In the IR spectra, a red-shift of Re=O bands compared to
free MTO is observable. This gives rise to an enhanced electron density donated from the
ligand to the Re centre, causing weakening of the Re=O bond (see Table 3.2).

Table 3.1 Selected 1H and 13C NMR spectroscopic data for complexes 8-14 in CDCl3.

α-H ligand, 1H α-H adduct, 1H Re-CH3, 1H Re-CH3, 13C
δ [ppm] δ [ppm] δ [ppm] δ [ppm]

MTO — — 2.67 19.0
8 8.51 (1) 8.29 2.03 24.7
9 8.55 (2) 8.20 1.92 25.1

10 8.58 (3) 8.26 1.96 24.0
11 8.59 (4) 8.34 2.13 24.4
12 8.63 (5) 8.33 2.00 24.9
13 8.63 (6) 8.31 1.97 24.8
14 8.65 (7) 8.32 1.98 24.4

Table 3.2 Characteristic IR vibrations of CH3ReO3 fragments (cm−1) in 8-14.

MTO 8 9 10 11 12 13 14 Assignment
998 934 936 931 n.o. n.o. 934 93 ReO3 sym str.
965 927 926 n.o.[a] 927 928 927 n.o. ReO3 asym str.

[a] not observed.
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3.2.2 X-ray crystal structure of ligand 5 and complexes 8-14

The solid-state structure of the synthesised compounds 5 and 8-14 was measured; one example
is shown in Figure 3.2. Selected bond lengths are given in Table 3.3. With one exception (com-
pound 11), the N-base ligand coordinates trans to the methyl group to the rhenium centre.
Complex 11, however, exists in both cis and trans arrangements in the solid state. Together
with the finding that only one peak is visible in the 17O NMR spectrum, this strongly indicates
that packing forces are responsible for the solid-state configuration, rather than electronic or
steric ligand effects. Moreover, this conclusion is in accordance with previously reported
data.24

Figure 3.2 PLATON view of the solid-state structure of complex 8. The thermal ellipsoids are shown at the 50%
probability level.

Table 3.3 Selected bond lengths for complexes 8-14 (trans configuration) determined by single-crystal X-ray
diffraction .

Re-N [Å] Re-C [Å] Re-O [Å]
MTO[a] — 2.074(4) 1.703(2)

8 2.422(5) 2.113(7) 1.712(3) 1.706(6)
1.726(7)

9 2.445(5) 2.094(6) 1.718(4) 1.705(4)
1.707(4)

10[b] 2.439(4) 2.099(5) 1.717(4) 1.716(3)
1.716(3)

2.438(5) 2.102(6) 1.711(3) 1.716(4)
1.720(3)

11[b] 2.372(3) 2.112(4) 1.722(3) 1.719(3)
1.713(3)

2.439(3) 2.081(5) 1.714(3) 1.712(3)
1.714(3)

12 2.418(2) 2.091(3) 1.720(2) 1.711(2)
1.714(2)

13 2.417(3) 2.092(4) 1.716(4) 1.716(3)
1.722(3)

14[b] 2.408(4) 2.102(5) 1.713(2) 2x1.708(4)
2.392(4) 2.101(5) 1.706(3) 2x1.694(4)

[a] Values taken from ref. 25. [b] The values of the second, crystallographically independent molecule are printed
in italics.
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3.2.3 Determination of formation constants

The formation constants of the MTO-ligand adducts 8-14 were determined by means of
UV/Vis spectroscopy.26 Scheme 3.1 shows the equilibrium that is established in presence
of MTO and a pyridine derivative. According to equation (3.1), which is derived from the
Lambert-Beer law (path length: 1 cm), the absorbance of the solution (Abs) changes in func-
tion of the presence of free ligand (L), uncoordinated MTO (M) and the MTO-ligand adduct
(ML).

Abs = εL · [L]+ εM · [M]+ εML · [ML] (3.1)

The adduct concentration [ML] can be expressed using the formation constant (Keq) by
taking into account the molar balance [M]T = [M] + [ML], leading to equation (3.2).

Abs = εL · [L]+ εM · [M]+
εML · [M]T · Keq · [L]

1+Keq · [L]
(3.2)

Above 330 nm, the absorbance of MTO is negligible, i.e. εM ≈ 0.27 If the absorbance of
the free ligands at the chosen wavelength can also be ignored, i.e. εL ≈ 0, then equation (3.3)
can be used to calculate the formation constant.

Abs =
εML · [M]T · Keq · [L]

1+Keq · [L]
(3.3)

The values of the adduct formation constants (Table 3.4) are calculated by fitting of ex-
perimental absorbance data to equation (3.2) or (3.3). Figure 3.3 shows the change in the
absorption spectrum upon successive addition of MTO to a ligand solution in CH2Cl2.

Figure 3.3 Change in the absorption in function of complex formation (10). (a) free ligand ([3] = 0.1 mM),
successive addition of 1 equiv. of MTO, (k) ligand with 10 equiv. MTO.

In the case of the compound 10, complex formation can be noticed at 350 nm. Thus, the
values at this wavelength have been used for the curve fitting according to equation (3.3) (see

29



Figure 3.4).

Figure 3.4 Curve fitting with equation (3.3) for determination of formation constant of complex 10.

The values of the formation constants for complexes 8-14 are comparable to those reported
in literature.26,28−30 Moreover, the influence of both the electronic and steric nature of the lig-
and can be seen. The stability of the adducts is higher when the ligand has electron-donating
substituents and is less sterically crowded. The electronic effect is nicely seen when compar-
ing the formation constant of complex 9 with that of complex 10. The steric effect accounts
for the difference in the value of the formation constant of complex 13 and complex 14.

Table 3.4 Formation constants of compounds 8-14 in CH2Cl2.

Absorbance [nm] Formation constant (Keq) [Lmol−1]
8 340 431 ± 27
9 355 563 ± 88

10 350 386 ± 47
11 370 309 ± 36
12 335 78 ± 25
13 300 348 ± 93
14 300 286 ± 98

3.2.4 Application in epoxidation catalysis

The performance of ligands 2-7 was tested in the MTO-catalysed epoxidation of 1-octene with
hydrogen peroxide. Tert-butylpyridine (tBu-Pyr) was chosen as a benchmark ligand. A cat-
alyst:ligand:oxidant:substrate ratio of 1:5:150:100 was used in all experiments, unless stated
otherwise. The catalytic tests were performed at room temperature and twice with each lig-
and: once with exclusion of light and once in light with the goal to establish a statement about
the supposed beneficial effect of chromophoric pyridine derivatives with respect to the already
known advantages of simple pyridine derivatives in epoxidation catalysis with MTO.19 Fur-
ther details are given in the Experimental Section. No significant diol formation or formation
of other by-products could be observed.
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Table 3.5 summarises the turn-over frequencies (TOF) of the different catalytic systems tested.
Maximum epoxide yield is obtained after 24 h reaction time, with a substrate conversion be-
tween 50 and 80% (Figure 3.5). tBu-Pyr shows no significant advantage in catalytic perfor-
mance compared to the chromophoric pyridine derivatives. Moreover, it can be noted that the
advantage of running the catalytic reaction under exclusion of light is negligible with either
type of pyridine ligand. The yields of 1-octene epoxide with the ligand additives tested within
this work are comparable to the yield achieved with MTO alone.31 Nevertheless, they are far
from those obtained with 3-methylpyrazole or pyrazole under the same conditions.31

Table 3.5 Turn-over frequencies [mol(epoxide) mol(cat)−1 h−1] determined after 5 min.

Ligand TOF Yield [%], after 24 h with
[h−1] exclusion of light

2 63 76
3 44 69
4 65 69
5 46 65
6 49 73
7 41 72

tBu-Pyr 35 71

Figure 3.5 1-Octene epoxide yields with different ligands.

3.2.5 Photostability of the synthesised compounds

One aim of this work was to probe potential beneficial effect of chromophoric Lewis bases
in MTO adducts. They might activate the catalytic system by providing additional energy for
weakening bonds that have to be broken during the catalytic cycle. However, photoinduced
homolysis of the Re-CH3 bond in solution is the most common way of degradation of MTO.20

Vogler et al. reported the photoassisted isomerisation of 4-styrylpyridine, where the complex
remained intact, i.e. the MTO was not affected by UV-radiation.23 This led to the hypothesis
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that larger chromophoric systems might lead to stable MTO Lewis base adducts on the one
hand, and act as photosensitisers on the other hand. The most convenient approaches to study
the stability or the photo-induced degradation of the MTO adducts are 17O NMR and UV/Vis
spectroscopy. For the NMR studies, a 0.1 M solution of the complexes in CDCl3 was used and
treated with UV light (λ = 368 nm). In a second experiment, a fivefold excess of ligand was
added to MTO, in order to mimic the reaction conditions of the catalytic tests (vide supra).

Figure 3.6 Time resolved 17O NMR spectra of complex 11 before (top) and after irradiation with UV light. The
signal of the MTO oxo moieties at δ = 879 ppm is broadened due to fluxional equilibrium of complex formation,
whereas the sharp peak at δ = 563 ppm can be assigned [ReO4]– .

The chemical shift of the oxygen atoms of the freshly synthesised complexes was found to
be between 865 ppm and 885 ppm which is consistent with the reported literature values.32,33

Upon irradiation, already after 6 min a peak at δ = 563 ppm was detected, which could be
attributed to the perrhenate anion.32 This peak became more pronounced after longer irradia-
tion time (see Figure 3.6). There was no significant difference in stability of the MTO in the
two experiments performed. Noteworthy, all complexes synthesised in this work have shown
the same behaviour under irradiation with UV light. The UV/Vis spectra were recorded in
CH2Cl2. A 0.1 M solution of selected complexes was irradiated with UV light and several
samples were taken. Figure 3.7 shows the spectral change over a time span of 2 h. Ligand
absorption is very strong, it shows a maximum at 325 nm. It partially overlaps complex ab-
sorption as well as the absorbance pattern of free MTO.20 Upon photolytic degradation of
MTO, the ligand is protonated. Thus, its absorbance spectrum changes by a shift of the maxi-
mum to 375 nm. The above-mentioned experiments clearly show that both the MTO and the
ligands are affected by prolonged irradiation with UV light. Thus, no additional stability is
brought to the adducts by the use of chromophoric pyridine derivatives. Despite of the use of
chromophoric pyridine derivatives as ligands on MTO, the obtained adducts are not stable to
UV light. However, as described above, the catalytic epoxidation is not influenced by light.
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Figure 3.7 UV/Vis spectra of complex 11 in CH2Cl2 (c = 0.16 mM). (a) Initial spectrum; (b) after 20 min
exposure to UV light; (c) after 60 min; (d) after 120 min, the decrease in intensity of the peak at 377 nm can be
explained by precipitation of the perrhenate and protonated ligand.

3.3 Conclusion

In this study, seven chromophoric pyridine derivatives were prepared and treated with MTO
to form seven Lewis base adducts of MTO. They have been fully characterised and tested as
catalysts in the epoxidation of 1-octene with H2O2. With respect to the benchmark ligand
tert-butylpyridine, the presented ligands do not show any advantages in the epoxidation of
1-octene, whether performed under exclusion of light or in daylight (see Figure 3.5). More-
over, the photochemistry of the complexes was studied by means of UV/Vis and 17O NMR
spectroscopy. The chromophoric ligands did not influence the adduct stability under UV ir-
radiation. Complex decomposition occurred through the reported pathway,20 as formation of
the perrhenate anion was already observable after a short irradiation time with UV light (see
Figure 3.6 and Figure 3.7).

3.4 Experimental Section

3.4.1 Materials and methods

All experimental work was carried out using standard Schlenk techniques under argon. Sol-
vents were dried by standard procedures (hexane and diethyl ether over Na/benzophenone;
CH2Cl2 over CaH2), distilled and stored under argon over molecular sieves. High resolution
NMR spectra were measured with Bruker Avance DPX-400 (1H: 400 MHz; 13C: 100.6 MHz;
17O: 54.2 MHz), and JEOL NMR GX-400 (1H: 400 MHz; 13C: 100.6 MHz) spectrometers.
The UV/Vis spectra were recorded on a JASCO UV/Vis V-550 spectrophotometer and the IR
spectra on a Perkin-Elmer 1600 series FT-IR instrument. Microanalyses of the obtained prod-
ucts were performed in the Mikroanalytisches Labor of the Technical University of Munich,
Garching, Germany. MTO was synthesised according to literature procedures.34
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3.4.2 Ligand synthesis

Ligands 1-3 were synthesised by treating a solution of 4-picoline (2.48 mmol) in THF at -
60 °C with an equimolar amount of lithium diisopropylamine in THF.35 The alcoholate was
formed upon addition of the corresponding aldehyde, which was subsequently eliminated by
refluxing in concentrated acetic acid for 18 h to form the C-C double bond. Purification was
done by column chromatography on silica gel. The synthesis of ligands 4-7 was based on the
Suzuki cross coupling mechanism described by Fu et al.36 The heteroaryl boronic acid reacted
with an aryl bromide in refluxing dioxane, whereas the reaction was catalysed by [Pd2(dba)3]
(dba = dibenzylideneacetone), PCy3 and K3PO4 (aq.). Subsequent purification steps included
filtration, extraction of the filtrate and column chromatography. Complete analyses of the
ligands can be found in Appendix A.

3.4.3 Typical procedure for the preparation of the chromophoric Lewis base adducts of
MTO

An equimolar amount of MTO and ligand was dissolved in diethyl ether and the solution was
stirred for 1 h before cooling the mixture in an ice bath. A yellow precipitate formed, which
was filtered and washed with hexane. The solid was dried in vacuo and analysed by standard
analysis methods. Complete analyses of the complexes can be found in Appendix A.

3.4.4 Single-crystal X-ray structure determination

Compound 5: C27H19N; Mr = 357.43; crystal colour and shape: colourless fragment, crys-
tal dimensions = 0.51x0.5x0.64 mm; crystal system: monoclinic; space group: Cc (no. 9);
a = 14.9971(6), b = 10.9497(4), c = 12.4175(5) Å; β = 114.048(2)°; V = 1862.14(13) Å3;
Z = 4; µ(Mo-Kα) = 0.073 mm−1; ρcalcd. = 1.275 g cm−3; Θ range 2.38-25.34; data col-
lected: 32910; independent data [Io>2σ(Io)/all data/Rint]: 3360/3397/0.023; data/restraints/-
parameters: 3397/2/329; R1 [Io>2σ(Io)/all data] = 0.0255/0.0258; wR2 [Io>2σ(Io)/all data]
= 0.0709/0.0713; GOF = 1.080; ∆ρmax/min = 0.13/-0.12 e Å−3. CCDC-777693
Compound 8: C14H14NO3Re; Mr = 430.47; crystal colour and shape: yellow fragment,
crystal dimensions = 0.13x0.18x0.51 mm; crystal system: monoclinic; space group: P21 (no.
4); a = 9.0054(2), b = 7.2442(2), c = 11.0721(3) Å; β = 109.3284(11)°; V = 681.60(3) Å3;
Z = 2; µ(Mo-Kα) = 8.916 mm−1; ρcalcd. = 2.098 g cm−3; Θ range 1.95-25.39; data col-
lected: 10806; independent data [Io>2σ(Io)/all data/Rint]: 2275/2281/0.059; data/restraints/-
parameters: 2281/1/173; R1[Io>2σ(Io)/all data] = 0.0259/0.0259; wR2 [Io>2σ(Io)/all data] =
0.0648/0.0648; GOF = 1.090; ∆ρmax/min = 2.27/-2.57 e Å−3. CCDC-777694
Compound 9: C15H16NO3Re; Mr = 444.49; crystal colour and shape: yellow fragment,
crystal dimensions 0.15x0.15x0.43 mm; crystal system: monoclinic; space group: P21/c (no.
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14); a = 9.1661(4), b = 7.1741(3), c = 22.3772(9) Å; β = 97.795(2)°; V = 1457.89(11) Å3;
Z = 4; µ(Mo-Kα) = 8.341 mm−1; ρcalcd. = 2.025 g cm−3; Θ range 1.84- 25.36; data col-
lected: 29722; independent data [Io>2σ(Io)/all data/Rint]: 2423/2564/0.058; data/restraints/-
parameters: 2564/0/183; R1[Io>2σ(Io)/all data] = 0.0289/0.0307; wR2 [Io>2σ(Io)/all data] =
0.0671/0.0680; GOF = 1.261; ∆ρmax/min = 0.85/-1.54 e Å−3. CCDC-777695
Compound 10: C14H13BrNO3Re; Mr = 509.36; crystal colour and shape: yellow fragment,
crystal dimensions 0.05x0.13x0.53 mm; crystal system: triclinic; space group: P1(no.2);a =
5.9849(2),b = 15.9131(6),c = 17.0785(6)Å;α = 66.0608(15), β = 85.8488(15), γ = 86.3720
(14)°; V = 1481.68(9) Å3; Z = 4; µ(Mo-Kα) = 10.903 mm−1; ρcalcd. = 2.283 g cm−3; Θ range
1.31-25.45; data collected: 18921; independent data [Io>2σ(Io)/all data/Rint]: 4839/5188/0.042;
data/restraints/parameters: 5188/0/363; R1[Io>2σ(Io)/all data] = 0.0264/0.0286; wR2 [Io>

2σ(Io)/all data] = 0.0697/0.0721; GOF = 1.048; ∆ρmax/min = 2.13/-1.85 e Å−3. CCDC-777696
Compound 11: C20H18NO3Re; Mr = 506.56; crystal colour and shape: yellow fragment,
crystal dimensions 0.24x0.35x0.38 mm; crystal system: triclinic; space group: P1(no.2);a =
5.7288(3),b = 11.4564(6),c = 27.4120(14)Å;α = 82.715(3), β = 89.200(2), γ = 77.895(2)°;
V = 1744.74(16) Å3; Z = 4; µ(Mo-Kα) = 6.983 mm−1; ρcalcd. = 1.929 g cm−3; Θ range 0.75-
25.37; data collected: 69973; independent data [Io>2σ(Io)/all data/Rint]: 5347/6039/0.070;
data/restraints/ parameters: 6039/0/453; R1[Io>2σ(Io)/all data] = 0.0217/0.0279; wR2 [Io>

2σ(Io)/all data] = 0.0507/0.0538; GOF = 1.068; ∆ρmax/min = 0.87/-0.52 e Å−3. CCDC-777697
Compound 12: C28H22NO3Re; Mr = 606.68; crystal colour and shape: yellow fragment,
crystal dimensions 0.15x0.18x0.36 mm; crystal system: triclinic; space group: P1(no.2);a =
9.8694(3),b = 10.9626(4),c = 12.5154(7)Å;α = 99.490(2), β = 105.050(2), γ = 112.906(1)°;
V = 1149.44(9) Å3; Z = 2; µ(Mo-Kα) = 5.316 mm−1; ρcalcd. = 1.753 g cm−3; Θ range 1.77-
25.44; data collected: 27800; independent data [Io>2σ(Io)/all data/Rint]: 3917/3955/0.039;
data/restraints/parameters: 3955/0/299; R1[Io>2σ(Io)/all data] = 0.0139/0.0141; wR2 [Io>

2σ(Io)/all data] = 0.0356/0.0358; GOF = 1.078; ∆ρmax/min = 1.12/-0.44 e Å−3. CCDC-777698
Compound 13: C13H14NO3Re; Mr = 418.46; crystal colour and shape: yellow fragment,
crystal dimensions 0.15x0.20x0.38 mm; crystal system: monoclinic; space group: P21/c (no.
14); a = 11.6924(4), b = 14.3708(4), c = 8.2219(3) Å; β = 110.3695(14)°; V = 1295.13(8)
Å3; Z = 4; µ(Mo-Kα) = 9.381 mm−1; ρcalcd. = 2.146 g cm−3; Θ range 1.86-25.39; data col-
lected: 4902; independent data [Io>2σ(Io)/all data/Rint]: 2196/2260/0.028; data/restraints/-
parameters: 2260/0/165; R1[Io>2σ(Io)/all data] = 0.0218/0.0225; wR2 [Io>2σ(Io)/all data] =
0.0556/0.0561; GOF = 1.144; ∆ρmax/min = 1.12/-1.39 e Å−3. CCDC-777699
Compound 14: C14H16NO3Re; Mr = 432.49; crystal colour and shape: yellow needle, crys-
tal dimensions 0.03x0.05x0.23 mm; crystal system: monoclinic; space group: P21/m (no.
11); a = 6.4763(9), b = 11.652(2), c = 18.930(3) Å; β = 93.705(6)°; V = 1425.5(4) Å3;
Z = 4; µ(Mo-Kα) = 8.527 mm−1; ρcalcd. = 2.015 g cm−3; Θ range 1.08-25.37; data col-
lected: 35302; independent data [Io>2σ(Io)/all data/Rint]: 2592/2741/0.048; data/restraints/-
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parameters: 2741/0/195; R1[Io>2σ(Io)/all data] = 0.0186/0.0200; wR2 [Io>2σ(Io)/all data] =
0.0410/0.0416; GOF = 1.099; ∆ρmax/min = 1.09/-1.30 e Å−3. CCDC-77770

3.4.5 Formation constant measurements

An UV/Vis spectrophotometric method was used to determine the formation constants of the
chromophoric Lewis base adducts of MTO. Aliquots of a 0.1 mM solution of MTO in CH2Cl2
were successively added to a 0.1 mM solution of the ligand in CH2Cl2 in a quartz cuvette (path
length 1 cm, total volume 3 mL). UV/Vis spectra of the homogeneous solutions at equilibrium
containing the metal complex, the ligand and the adduct were recorded in the range of 200-400
nm before and after each addition of the MTO aliquot. The values of the formation constants
were calculated by fitting the equilibrium absorbance at a certain wavelength to Equation (2)
or (3) according to the chosen wavelength and the free ligand absorption using the IGOR
computer program.

3.4.6 Catalysis

In a typical experiment, 1-octene (0.628 mL, 4 mmol), MTO (10 mg, 0.04 mmol), ligand (0.2
mmol), 0.200 mL of mesitylene (internal standard), 0.200 mL of toluene (internal standard)
and 2.45 mL of CH2Cl2 were added to the reaction vessel under standard conditions at room
temperature. The reaction started upon addition of H2O2 (35% aqueous solution) (0.55 mL,
6 mmol) under vigorous stirring. The course of the reaction was monitored by quantitative
GC analysis. Samples (0.2 mL) were taken at specific time intervals, treated with Na2SO3

to quench the excess of peroxide and to remove water, filtered and diluted with dry CH2Cl2
before injection into a GC column. The conversion of 1-octene and the formation of octene
epoxide were calculated from calibration curves (r2 = 0.999) recorded prior to the reaction
course.

3.4.7 Testing the photostability of the complexes

Selected ligands were treated with an equimolar amount of 17O-labelled MTO (prepared by a
published procedure31) or in a fivefold excess and the 1H and 17O NMR spectra were recorded.
The adduct solutions (0.1 M in CDCl3) were then exposed to UV light and analysed again by
1H and 17O NMR spectroscopy. For the UV/Vis analysis, a 0.1 M solution of complex 11 in
CH2Cl2 was prepared and exposed to UV light. Samples were taken over a timespan of 2 h,
diluted with CH2Cl2 and the UV/Vis spectra were recorded.
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19. P. Altmann, F. E. Kühn, J. Organomet. Chem., 2009, 694, 4032.

20. H. Kunkely, T. Türk, C. Teixeira, C. de Meric de Bellefon, W. A. Herrmann, A. Vogler,
Organometallics, 1991, 10, 2090.

37
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Complex
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4.1 Background

In the last decades, organomolybdenum compounds attracted attention for their versatile use
in olefin epoxidation catalysis.1−16 Their straightforward synthesis and easy handling pro-
moted their application in catalytic reactions. Since the beginning of the studies of transition
metal-based epoxidation catalysts, a wide range of molybdenum complexes have been synthe-
sised and their performance has been examined in catalytic olefin epoxidation. Monomeric
complexes such as [MoO2X2] (X = CH3, Cl) and their bipyridine derivatives17−22 as well
as the carbonyl complexes [(η5-C5R5)Mo(CO)3X] (R = H, CH3, CH2Ph; X = alkyl, halide)
and their oxidised derivatives2,23−26 were intensively studied in organic solvents with vari-
ous substrates. Moreover, dioxo molybdenum complexes with a variety of nitrogen ligands
have proven to be active and innovative epoxidation catalysts.27−31 However, a major break-
through in terms of catalytic activity was achieved with ansa compounds of general formula
[Mo(η5-(C5H4(CH(CH2)n))-η1-CH)(CO)3]. In both organic solvents and ionic liquids, they
outperform almost all previously investigated systems.32−34

Mo
OC

OC CO

CF3

1

Figure 4.1 Fluorinated organomolybdenum complex [CpMo(CO)3CF3] 1.

Besides steric influences, the electronic properties of the complex can mainly be hold re-
sponsible for the catalytic performance. Therefore, it was decided to compare the known
epoxidation pre-catalyst [CpMo(CO)3CH3] with its fluorinated counterpart [CpMo(CO)3CF3],
originally synthesised by King and Bisnette35 (Figure 4.1). The complexes are sterically
nearly identical, however, the Lewis acidity of the metal centre and hence, the catalyst activity
is supposed to increase as a consequence of the electron-withdrawing CF3 ligand. On the other
hand, there is little knowledge about the impact of fluorinated ligands on molecular olefin
epoxidation catalysts, which certainly warrants an investigation of such compounds as cata-
lysts. In the case of the well examined, widely applied epoxidation catalyst [CH3ReO3]36,37

it has been predicted that its fluorinated derivative [CF3ReO3] should be stable and an even
better catalyst37,38 than the methylated compound. However, so far the synthesis of the CF3

derivative has not been achieved.

Additionally, the influence of different reaction media is investigated in this work. It has
been shown that fluorinated solvents are beneficial in epoxidation reactions with methyltriox-
orhenium39,40 as well as in catalyst-free epoxidations41−44 using H2O2 as oxidant. However,
there is so far no report on catalytic systems utilising tert-butyl hydroperoxide (TBHP) as
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oxidant in fluorinated solvents. Therefore, two perfluorinated solvents have been applied in
the catalytic epoxidation of cyclooctene. Other reaction media currently attracting a lot of
attention are ionic liquids (ILs).45,46 The advantages of a biphasic catalytic system, such as
easy catalyst recycling and product separation, contribute to the continuous interest in de-
veloping new ILs with various characteristics, for example lower melting points or bulkier
side chains.45,46 Immobilisation on heterogeneous carrier materials has been executed for
[RReO3]-, [X2Mo2O2]- and [CpMo(CO)3X]-systems with different success.2,47−49 Using 2-
phase systems, however, appears to be advantageous for all these systems because of several
reasons, among them the elimination of diffusion problems into the pores of mesoporous car-
rier materials.34,50−51

4.2 Results and Discussion

4.2.1 Olefin epoxidation with a fluorinated organomolybdenum catalyst

As it is known from similar organomolybdenum complexes, e.g. [CpMo(CO)3CH3] or [CpMo
(CO)3Cl], the carbonyl complexes act as pre-catalysts, being oxidised in situ with TBHP,
forming Mo-oxo and Mo-oxo-peroxo species that appear to be catalytically active.25,26 Upon
treatment of [CpMo(CO)3CF3] with TBHP, vigorous gas evolution, which would indicate the
oxidation of CO ligands to CO2 is, however, missing. Therefore, a closer look at the oxidation
of the complex was taken by means of 19F NMR spectroscopy and IR spectroscopy.

19F NMR spectroscopy

The title compound [CpMo(CO)3CF3] shows a single peak at 13.03 ppm in the 19F NMR
spectrum (see Figure 4.2(a)). The position of the CF3 group can be used to follow the elec-
tronic changes at the metal core and hence, to identify possible intermediates of the reaction
with TBHP. Figure 4.2 shows a set of spectra of the complex with various reactants. Upon
addition of the oxidant TBHP (20 equiv.), the CF3 signal moves slightly to 12.31 ppm (Figure
4.2(b)). In comparison, addition of 20 equiv. cyclooctene (Figure 4.2(c)) induces only a very
small shift of the resonance to 12.98 ppm. These shifts are most likely due to interactions
of the peroxo group and the olefin, respectively, with the Mo-core. During catalytic epoxida-
tion of cyclooctene with the oxidant TBHP (40 equiv., 25 °C), three signals become apparent
(Figure 4.2(d)). Notably, the resonance at 12.43 ppm, corresponding to the starting complex
1 can be found, indicating that the complex 1 does not fully react with TBHP to the targeted
oxo-peroxo species. New resonances are observed at -21.51 and -17.57 ppm. In order to shed
light on the structure of the complexes giving rise to the new signals, several possible products
of the reaction of 1 with TBHP were taken into account (see Scheme 4.1).
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Figure 4.2 19F NMR spectra of complex [CpMo(CO)3CF3] in C6D6 (a) neat; (b) with 20 equiv. TBHP; (c) with
20 equiv. cyclooctene; (d) during a catalytic reaction with cyclooctene (20 equiv. per Mo) and TBHP (40 equiv.,
25 °C); (e) extracted after a catalytic reaction in C6D6 recorded at 25 °C.
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Subsequently, the 19F NMR resonances of these species were calculated using density func-
tional theory (GIAO model-B3LYP/6-31++G**) and scaled to the experimental shift of the
title compound (13.03 ppm). A comparison of the experimental NMR signals in Figure 4.2(d)
with the shifts of the postulated structures (Table 4.1) shows that most presumably, the signal
at -21.51 ppm can be assigned to the oxidised complex [CpMo(η2-O2)(O)CF3] (2), or to a
complex bearing one η2-hydroperoxo- and one tert-butylperoxo group (Scheme 4.1, complex
3). From a thermodynamic point of view, this Mo(VI) species should rearrange the η2-bound
OOH to a pending linear OOH group, forming [CpMo(σ-O2H)(O)(σ-O2

tBu)CF3] (4), which
might be the (short lived) catalytically active species and therefore its (upfield moving) shift
can possibly not be seen on the NMR timescale. There is also another feasible pathway with
the formation of the complex [CpMo(η2-O2)(OH)(σ-O2

tBu)CF3] (5), where the proton of the
TBHP is transferred to a terminal oxo group instead of the peroxo group and could also be
serving as the catalytically active species. Both intermediates have, according to our calcula-
tions, quite similar chemical shifts for the CF3 group and can therefore not be distinguished.
At the end of the reaction, after the remaining oxidant and substrate as well as the epoxide
product have been removed, the resulting spectrum contains two resonances (Figure 4.2(e)).
The bright yellow colour of this mixture confirms the presence of the oxo peroxo complex
2 (-20.91 ppm) besides complex 1 (13.03 ppm) as DFT-calculations predicted. Interestingly,
unlike other CpMo precursors, the starting complex 1 is present even after treatment with a
40-fold excess TBHP (5.5 M in n-decane), indicating only partial conversion to the catalyti-
cally active species, and hence a lower catalyst concentration. This finding points to a lower
reactivity of 1 towards TBHP in comparison to [CpMo(CO)3CH3].

Scheme 4.1 Oxidation of [CpMo(CO)3CF3] (1) with excess TBHP yields [CpMo(η2-O2)(O)CF3] (2)
and [CpMo(η2-OOH)(O)(σ-O2

tBu)CF3] (3), [CpMo(σ-O2H)(O)(σ-O2
tBu)CF3] (4) or [CpMo(η2-O2)(OH)(σ-

O2
tBu)CF3] (5).
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Table 4.1 Comparison of experimental and calculated 19F NMR shifts of different CpMo-CF3 species (experi-
mental values recorded in C6D6; standard deviation of calculated shifts: ±3 ppm).

Complex Calc. 19F NMR shift [ppm] Exp. 19F NMR shift [ppm]
[CpMo(CO)3CF3] (1) +13.03a +13.03a

[CpMo(O)2CF3] -20.3 Not observed
[CpMo(η2-O2)(O)CF3] (2) -23.4 -21.51; -20.91
[CpMo(O)(OH)(σ-O2

tBu)CF3] -33.7 Not observed
[CpMo(η2-OOH)(O)(σ-O2

tBu)CF3] (3) -19.9 (-17.57)
[CpMo(σ-OOH)(O)(σ-O2

tBu)CF3] (4) -27.6 Not observed
[CpMo(η2-O2)(OH)(σ-O2

tBu)CF3] (5) -20.3 (-17.57)

aUsed as scaling point for the calculated chemical shifts.

IR spectroscopy

While 19F NMR spectroscopy allows using the CF3 group as a probe for monitoring the reac-
tion of 1 with TBHP and tracing possible products, IR spectroscopy is a convenient tool for
studying carbonyl ligands. The complex [CpMo(CO)3CF3] displays two bands in the carbonyl
region, namely at 2045 and 1935 cm−1 (Figure 4.3(a)). Upon addition of cyclooctene, these
two bands immediately shift to higher wavenumbers (2051 and 1968 cm−1, Figure 4.3(b)).
This slight shift is induced by solvent effects. The presence of TBHP in decane also induces a
solvent effect, as can be deduced by the IR spectrum of the mixture (Figure 4.3(c)). However,
the bands are less significantly shifted to 2050 and 1966 cm−1.

Figure 4.3 IR spectra of (a) solid [CpMo(CO)3CF3], (b) after addition of cyclooctene only, (c) after addition of
TBHP only, and (d) after addition of both cyclooctene and TBHP.
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During a catalytic reaction, the two carbonyl bands are found at 2049 and 1965 cm−1

(Figure 4.3(d)). They do not shift any more significantly, but decrease in intensity over time,
giving rise to a comparatively slow oxidation of the carbonyl compound 1.

Figure 4.4 Changes in the CO vibration intensities over time of (a) [CpMo(CO)3CH3] and (b) [CpMo(CO)3CF3]
upon addition of 100 equiv. TBHP.

The slow oxidation of the compound 1 can be nicely visualised (Figure 4.4). Addition of
100 equiv. TBHP to the carbonyl complex leads to oxidative decarbonylation. The methy-
lated complex is completely oxidised after 20 minutes reaction time, which can be seen
by the absence of the carbonyl bands. The intensity of the carbonyl bands of complex
[CpMo(CO)3CF3], however, only decreases to a minor degree, even after 1 hour. Unfortu-
nately, due to the present excess of TBHP, the formation of Mo=O or Mo–O bands cannot be
followed in situ by this technique.

4.2.2 Catalytic investigations

Comparison of the catalytic activity of [CpMo(CO)3CF3] with [CpMo(CO)3CH3]

The comparison of the two monomeric complexes, [CpMo(CO)3CH3] and compound 1, in the
catalytic epoxidation of cyclooctene in benzene reveals the superiority of [CpMo(CO)3CH3]
(see Figure 4.5). At a concentration of 0.5 mol%, it surpasses the turnover frequency of 1 by
one order of magnitude (see Table 4.2). The lower catalytic activity of 1 vs. [CpMo(CO)3CH3]
is contra intuitive since the Mo centre in 1 is supposed to be more Lewis acidic and hence more
active as catalyst. It is the question, whether 1 is principally a less active catalyst in the series
of [CpMo(CO)3X] complexes, or if the formation of the catalytically active species from 1 is
inhibited or incomplete, leading to a lower concentration of the actual catalyst than expected
when assuming complete conversion of the carbonyl precursor to the active species. Such a
lower catalyst concentration is evidenced by the reaction of 1 with TBHP, monitored by 19F
NMR and IR experiments (vide supra), showing that even in the presence of an excess of
TBHP, compound 1 can still be detected. To circumvent the problem of lower catalyst con-
centration, a control experiment was performed. 0.50 mol% of 1 was completely oxidised in
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situ with an excess TBHP, before addition of cyclooctene and oxidant (2 equiv. TBHP per
olefin). The herewith collected kinetic data revealed the absence of an induction period and
therefore a higher TOF (660 h−1) of the fluorinated compound, however, the yield of epoxide
after 4 hours (76%) was identical to the experiment without pre-treatment of 1. Since TBHP
obviously is not the optimal oxidant for 1, we chose to study the influence of solvents on the
reactivity of TBHP versus compound 1, in order to answer the question if the low catalytic
activity of 1 is intrinsical, as seen in Figure 4.5 and Table 4.2.

Figure 4.5 Kinetic data of the catalytic epoxidation of cyclooctene at 25 °C, using TBHP (2 equiv. per olefin,
5.5 M in n-decane) as oxidant in C6D6.

Table 4.2 Activities of the applied pre-catalysts expressed in terms of turn-over frequencies (TOF, determined at
the steepest slope of the kinetic curve).

Complex Concentration [mol%] TOF [h−1] Yield after 4 h [%]
[CpMo(CO)3CH3] 0.50 1139 100
[CpMo(CO)3CH3] 0.25 1874 93

1 2.00 118 100
1 1.00 186 100
1 0.50 240 76

Fluorinated solvents

Despite the moderate activity in comparison to [CpMo(CO)3CH3], compound 1 was applied
in catalytic epoxidation reactions using different solvents. Therefore, perfluorinated solvents,
such as hexafluorobenzene (HFB) and hexafluoroisopropanol (HFI) were tested. Aliphatic
solvents such as tetradecafluorohexane were not used due to the low solubility of 1 in these
solvents.
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Figure 4.6 Kinetic data of the influence of the catalyst concentration and different solvents (hexafluoroiso-
propanol (HFI) and hexafluorobenzene (HFB)) on the epoxidation of cyclooctene (ratio cyclooctene : TBHP =
1 : 1.2, 25 °C).

Figure 4.6 shows the kinetic data collected using the solvents mentioned above. It is clearly
visible that HFI positively influences the catalytic activity of [CpMo(CO)3CF3]. At the same
concentration, the TOF of [CpMo(CO)3CF3] in HFI is almost two orders of magnitude larger
than in HFB (see Table 4.3). It is reported that fluorinated alcohols activate hydrogen peroxide
via hydrogen bonding,39−44,52,53 hence, it is reasonable to assume that an organic peroxide
can be activated in the same way, rendering the oxidation of 1 faster and more efficient than in
aliphatic or aromatic solvents. Consequently, upon addition of an excess of THBP (20 equiv.)
to a solution of 1 in HFI, gas evolution is observed and in the IR spectrum of the product, the
carbonyl bands are no longer visible.
Thus, we examined whether HFI can activate TBHP to allow oxygen atom transfer to an olefin
without a metal catalyst involved. Indeed, after 4 h reaction time of TBHP and cyclooctene
in HFI as solvent, a conversion of 10% olefin (100% epoxide selectivity) is reached. The
strong H-bond donor ability of HFI increases the nucleophilicity of the α-oxygen atom of the
peroxide and thus facilitates the oxygen-oxygen bond cleavage (Scheme 4.2). This enhanced
reactivity also influences the oxidation of [CpMo(CO)3CF3], as the induction period due to
the slow formation of the active species is only visible at a very low catalyst concentration.

Scheme 4.2 Proposed activation of TBHP with HFI.

The comparison of the pre-catalysts [CpMo(CO)3CF3] and [CpMo(CO)3CH3] at a concen-
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Table 4.3 Activity of [CpMo(CO)3CF3] (1) in dependence of the solvent (ratio cyclooctene : TBHP = 1 : 1.2,
25 °C).

Solvent Catalyst conc. [mol%] TOF [h-1]
Hexafluoroisopropanol 0.250 5702
Hexafluoroisopropanol 0.125 6339
Hexafluoroisopropanol 0.025 4110

Hexafluorobenzene 0.500 77
Hexafluorobenzene 0.250 94
Hexafluorobenzene 0.125 143

tration of 0.125 mol% in epoxidation of cyclooctene at room temperature revealed the strong
dependence of catalyst and solvent system (Figure 4.7). While in the highly nucleophilic
solvent HFI [CpMo(CO)3CF3] is far more active than [CpMo(CO)3CH3], the latter complex
shows a better performance than [CpMo(CO)3CF3] in HFB, where no activation of the per-
oxide by the solvent takes place (Table 4.4). Indeed, this indicates that the catalytically active
species of the fluorinated compound surpasses the activity of the corresponding active species
of the CH3-system. Thus, the performance of [CpMo(CO)3CF3] is limited by its difficult
oxidation, i.e. the slow formation of the catalyst. The reaction carried out in isopropanol
only yielded a minor epoxide formation. In this system, the catalyst appears to be deacti-
vated through solvent coordination to the molybdenum core, which blocks the coordination
site of the oxidant. In case of HFI, no similar coordination takes place due to its very different
electronic properties.

Figure 4.7 Kinetic data of the catalytic epoxidation of cyclooctene (TBHP as oxidant) in various solvents with
different complexes (0.125 mol% concentration) at room temperature.

Furthermore, the epoxidation of other olefins was carried out to test the catalytic activity
of the compound [CpMo(CO)3CF3]. Cyclooctene is known as being very easily epoxidised
(with 100% selectivity to the epoxide), in contrast to 1-octene or styrene. This also proved
true in the case of the title compound (Figure 4.8). A moderate yield with low selectivity
(24% epoxide) was achieved for styrene, whereas the epoxidation of 1-octene remained at a
low level, but with 99% selectivity to the epoxide, within a reaction time of 4h.
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Table 4.4 Activities of the pre-catalysts in dependence of the solvent (0.125 mol% complex, ratio cyclooctene :
TBHP = 1 : 1.2, 25 °C).

Complex Solvent TOF [h−1]
1 Hexafluoroisopropanol 6339

[CpMo(CO)3CH3] Hexafluoroisopropanol 1969
1 Hexafluorobenzene 143

[CpMo(CO)3CH3] Hexafluorobenzene 677
1 Isopropanol 14

[CpMo(CO)3CH3] Isopropanol 15

Figure 4.8 Kinetic data of the catalytic epoxidation different olefins (0.5 mol% catalyst, 200 equiv. olefin, 400
equiv. TBHP, 25 °C, hexafluoroisopropanol).

As mentioned above, oxidation of complex 1 prior to the catalytic application in an epoxida-
tion reaction leads to the disappearance of the induction period often observed with tricarbonyl
pre-catalysts. Therefore, we isolated the oxo peroxo complexes 2 and [CpMo(O2)(O)CH3].
The comparison of their catalytic activity in the epoxidation of cyclooctene (see Figure 4.9)
proves the assumption mentioned above that the fluorinated complex 2 is more active (TOF
of 2049 h−1) than its non-fluorinated analogue (TOF of 1265 h−1).

Figure 4.9 Kinetic data of the performance of the oxidised complexes in the epoxidation of cyclooctene in C6D6
(0.25 mol% catalyst, 400 equiv. cyclooctene, 480 equiv. TBHP, 25 °C).
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4.2.3 Catalysis in ionic liquids

The complex [CpMo(CO)3CF3] was also applied in 2-phase catalytic epoxidation reactions.
Although the reaction carried out in [bmim][NTf2] (bmim = 1-butyl-3-methyl-imidazolium;
NTf2 = bis(trifluoromethanesulfonimide)) is substantially slower (Figure 4.10), the numerous
advantages of using ILs as reaction media make it worth accepting longer reaction times (93%
yield after 24 h). The almost negligible loss in activity from one catalysis cycle to another
proves the stability and reusability of the complex (see Figure 4.11). This characteristic stands
in contrast to a previously reported Mo-based epoxidation catalyst,34 which performed very
well in 2-phase catalytic epoxidation reactions but showed an important loss of activity from
the second cycle onwards. It is possible that the higher stability of the fluorinated complex is
due to the increased Lewis acidity of the Mo-core.

Figure 4.10 Epoxidation of cyclooctene catalysed by [CpMo(CO)3CF3] in [bmim][NTf2] (1 mol% catalyst, 100
equiv. cyclooctene, 200 equiv. TBHP, 25 °C).

Figure 4.11 Recycling of [CpMo(CO)3CF3] in [bmim][NTf2].
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4.3 Conclusion

The fluorinated organomolybdenum complex [CpMo(CO)3CF3] acts as a pre-catalyst of the
epoxidation of olefins, as its non-fluorinated counterpart [CpMo(CO)3CH3] does. The fluori-
nated complex allows mechanistic 19F-NMR studies, indicating the nature of the catalytically
active Mo-species, which was an unresolved subject of debates for a very long time.4,19,26,54−55

With benzene as the solvent, the performance of [CpMo(CO)3CF3] in the catalytic epoxida-
tion of cyclooctene stays behind the performances of known complexes like [CpMo(CO)3CH3]
or [CpMo(CO)3Cl] in homogeneous epoxidation of cyclooctene.1−3,24−26 However, in a re-
action medium that activates the oxidant, such as hexafluoroisopropanol, the activity of the
fluorinated catalyst outperforms [CpMo(CO)3CH3]. With hexafluoroisopropanol as a solvent,
a TOF of > 6300 h−1 was achieved in the epoxidation of cyclooctene. Taking into account
that the catalytic reactions were all performed at room temperature, this represents the highest
TOF for pre-catalysts of general formula [CpMo(CO)3X] (X = alkyl, halide). So far, only the
ansa compounds [Mo(η5-C5H4(CH(CH2)n)-η1-CH)(CO)3] show better performances in cat-
alytic epoxidation of cyclooctene at room temperature.34 Moreover, it is possible to epoxidise
substrates such as styrene and 1-octene, at least in moderate to good yields after 4 h at room
temperature, applying only 0.5 mol% catalyst.
The advantage of [CpMo(CO)3CF3] in epoxidation catalysis is the high stability of the ox-
idised species. The epoxidation of cyclooctene with 1 mol% catalyst in the ionic liquid
[bmim][NTf2] is almost quantitative after 24 h. Accordingly, the activity of the catalyst is
lower than of previously reported ones.32−34 However, the yield stays at a similar level for at
least 8 catalysis cycles, which proves the recyclability of the catalyst.

4.4 Experimental Section

4.4.1 Materials and methods

All experimental synthetic work was carried out using standard Schlenk techniques under
argon. Catalytic reactions were performed under normal laboratory atmosphere. Solvents
were dried by standard procedures and stored under argon over molecular sieves. Com-
mercially available chemicals are used as received, unless stated otherwise. Strongly toxic
substances (TBHP, hexafluoroisopropanol) were handled with necessary safety precautions.
High-resolution NMR spectra were measured with a Bruker Avance DPX-400 (1H: 400.0
MHz; 13C: 100.6 MHz; 19F: 376.5 MHz; 95Mo: 26.1 MHz) spectrometer, the signals were
referenced to the solvent residual signal (C6D6; 1H: 7.16 ppm; 13C: 128.06 ppm) or external
standards in a capillary (19F: C6F6 at -164.9 ppm; 95Mo: Mo(CO)6 in C6D6 at -1856 ppm).
The IR spectra were recorded on a Varian ATR-FTIR instrument.
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4.4.2 Synthesis of the complexes

The organomolybdenum complexes [CpMo(CO)3CH3], [CpMo(CO)3CF3] and [CpMo(O2)
(O)CH3] were synthesised according to literature procedures.56,35,26 The spectral data were in
agreement to the reported values.56,35,26 The oxidised complex [CpMo(O2)(O)CF3] was pre-
pared following a slightly changed literature procedure.26 The tricarbonyl precursor [CpMo
(CO)3CF3] was treated with 20 equiv. TBHP at room temperature in dichloromethane. Af-
ter 24 h, excess oxidant was quenched with MnO2, the solution was filtrated and the solvent
evaporated. The yellow solid was washed with hexane and dried in vacuo.
[CpMo(CO)3CH3]: 1H NMR (400.0 MHz, C6D6, 25 °C): δ = 4.42 (s, 5H, Cp), 0.39 (s, 3H,
CH3) ppm. 13C NMR (100.6 MHz, C6D6, 25 °C): δ = 240.5 (1C, CO), 227.4 (2C, CO), 92.4
(5C, Cp), -22.2 (1C, CH3) ppm. 95Mo NMR (26.1 MHz, C6D6, 25 °C): δ = -1736 ppm. IR:
ν̃(CO) = 2003.4 (s), 1891.8 (vs), 1876.0 (vs) cm−1.
[CpMo(CO)3CF3]: 1H NMR (400.0 MHz, C6D6, 25 °C): δ = 4.55 (s, 5H, Cp) ppm. 13C NMR
(100.6 MHz, C6D6, 25 °C): δ = 237.4 (1C, CO), 227.5 (1C, CO), 227.4 (1C, CO), 151.2 (1C,
q, J(C,F)= 367.1 Hz, CF3), 93.1 (5C, Cp) ppm. 19F NMR (376.5 MHz, C6D6, 25 °C): δ =
13.03 (s, 3F, CF3) ppm. 95Mo NMR (26.1 MHz, C6D6, 25 °C): δ = -1458 ppm. IR: ν̃(CO) =
2044.8 (m), 1960.9 (s), 1937.4 (s) cm−1.
[CpMo(O2)(O)CH3]: 1H NMR (400.0 MHz,C6D6, 25 °): δ = 5.20 (s, 5H, Cp), 1.95 (s, 3H,
CH3) ppm. 13C NMR (100.6 MHz, C6D6, 25 °C): δ = 109.3 (5C, Cp), 24.8 (1C, CH3) ppm.
95Mo NMR (26.1 MHz, C6D6, 25 °C): δ = -609 ppm. IR: ν̃ = 3103.1 (m), 1363.4 (m), 1191.8
(m), 1051.8 (m), 1022.1 (m), 972.0 (s), 950.7 (vs), 910.2 (s), 877.5 (vs), 850.5 (s), 833.1 (m),
671.1 (w, b), 601.7 (m), 567.0 (vs) cm−1.
[CpMo(O2)(O)CF3]: Yield 36%. 1H NMR (400.0 MHz, C6D6, 25 °C): δ = 5.30 (s, 5H, Cp)
ppm. 13C NMR (100.6 MHz, C6D6, 25 °C): δ = 148.0 (1C, q, J(C,F) = 370.2 Hz, CF3), 112.5
(5C, Cp) ppm. 19F NMR (376.5 MHz, C6D6, 25 °C): δ = -20.91 (s, 3F, CF3) ppm. 95Mo
NMR (26.1 MHz, C6D6, 25 °C): δ = -709 ppm. IR: ν̃ = 3113.3 (m), 1458.9 (m), 1420.5 (w),
1363.4 (m), 1191.8 (m), 1094.4 (vs, with shoulders at 1079.9 and 1064.5), 1027.9 (m), 972.0
(m), 952.7 (vs), 908.3 (m), 890.0 (vs), 850.5 (m), 835.0 (m), 713.5 (m), 570.8 (s), 525.3 (vs)
cm−1. Elemental analysis: C6H5F3MoO3 (278.06 g mol−1); calc. C, 25.92; H, 1.81%; found
C, 26.18; H, 1.99%.

4.4.3 Kinetic studies

In all catalytic reactions, TBHP (5.5M in decane, over 4Å molecular sieves) was used as oxi-
dant and cyclooctene as substrate. The reactions were done at room temperature and initiated
by addition of the oxidant. The kinetic data was collected by using 1H NMR and GC methods.
(a) The reactions monitored by 1H NMR were carried out in C6D6 in a total volume of 0.4-0.8
mL. The relative amounts of catalyst, substrate and oxidant were chosen with respect to the
requirements of the kinetic analysis.
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(b) The quantitative GC analysis was performed by taking samples of the reaction mixture at
specific time intervals and treating them with MnO2 to quench excess peroxide. After filtra-
tion, the samples were diluted with an isopropanol solution containing the standards p-xylene
and indane (4 mg/L). The conversion of cyclooctene and the formation of cyclooctene epoxide
were calculated from calibration curves (r2 = 0.999) recorded prior to the reaction course.

4.4.4 Computational details

19F NMR chemical shifts have been calculated with the help of density functional theory for
possible intermediates after TBHP addition to the starting complex [CpMo(CO)3CF3]. All
calculations have been performed with the theory package Gaussian0357 Designated interme-
diates were first optimised with the density functional theory functional B3LYP58−60 with the
double-zeta basis set 6-31G*61 (Mo: Stuttgart97-ECP62) and checked via frequency calcu-
lation if they have no negative vibration mode. Secondly, a GIAO63−65 (gauge-independent
atomic orbital) single point calculation has been carried for each intermediate with B3LYP
6-311++G**66 (Mo: Stuttgart97-ECP). Unscaled isotropic shielding values of all calcula-
tions were scaled to the starting complex [CpMo(CO)3CF3] as the experimentally observed
chemical shift of 13.03 ppm.
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5 The Quest of the Mechanism of Olefin
Epoxidation Catalysed by Monomeric
Organomolybdenum Complexes
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5.1 Background

Monomeric cyclopentadienyl molybdenum oxides belong to the first synthesised high oxi-
dation state organometallics. However, when Cousins and Green published the first molyb-
denum(VI) cyclopentadienyl dioxo complex, [η5-(C5(CH3)5)Mo(O)2Cl] (1), about 50 years
ago,1 they did not foresee the importance of such organomolybdenum compounds in catal-
ysis. The breakthrough for the interest in high oxidation state organometallics and its broad
catalytic applicability was founded on the discoveries of related organorhenium complexes
by Beattie and Jones and by Herrmann et al.2−4 In the last decades, organomolybdenum
compounds attracted attention for their versatile use in olefin epoxidation catalysis.5 The
straightforward synthesis and easy handling of tricarbonyl organomolybdenum derivatives es-
pecially promoted their application in catalytic reactions. Due to the industrial importance of
enantiopure epoxide synthesis, several attempts have been undertaken to develop them into
valuable catalysts for asymmetric epoxidation reactions,6,7 however, so far with different suc-
cess regarding enantiomeric excess and epoxide yield. A major drawback to ameliorate these
results is the ignorance of the stereochemistry of the transition state. It is of great importance
to have an idea on which way the oxygen transfer from the peroxide to the olefin occurs, in
order to introduce chiral or sterically crowding groups at the right place, where they influence
the chirality of the epoxide.
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Scheme 5.1 The simplified representation (M = Mo, not involved ligands at the metal centre are omitted for
clarity) of the two possible pathways of the oxygen transfer from the peroxide to the olefin proposed by (a)
Mimoun et al.8 and (b) Sharpless et al.9

More than three decades ago, Mimoun et al.8 proposed a mechanism for the stoichiometric
Mo-catalysed olefin epoxidation, where the reaction proceeds via a five-membered metallacy-
cle (Scheme 5.1(a)). This led to the assumption that the peroxo compound could be the inter-
mediate in oxygen transfer. Shortly after, Sharpless et al.9 published a mechanistic proposal
for the Mo-catalysed olefin epoxidation, where the olefin attacks directly at a peroxo-oxygen
atom (Scheme 5.1(b)).
While the mechanism of the stoichiometric reaction was presented in a number of publica-
tions,8−12 the mechanism of the catalytic reaction has still been subject of controversial dis-
cussions. In 1977, Sharpless et al. proved the intermediacy of an intact alkyl peroxo complex
as active species. They showed that the 18O-labelled terminal oxo groups of the metal complex
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were not transferred to the olefin while using unlabelled tert-butyl hydroperoxide (TBHP) as
oxidant.13 In the early 1990s, Trost and Bergman stated the catalytic activity in olefin epox-
idation of [η5-(C5(CH3)5)Mo(O)2Cl] (1). However, they found that the corresponding oxo
peroxo complex [η5-(C5(CH3)5)Mo(O2)(O)Cl] (2) was catalytically inactive.14 In absence of
olefin, 1 reacted with tert-butyl hydroperoxide (TBHP) to 2 which can therefore be identified
as a unwanted side-product in the catalytic reaction.
Some years later, Thiel proposed a mechanism specifically for olefin epoxidation with TBHP,
outlined in Scheme 5.2.15−17 It is similar to the pathway proposed by Sharpless, as the olefin
attacks exogenously at an electrophilic oxygen atom without coordination to the metal centre,
however, oxygen transfer occurs from the coordinated tert-butyl peroxo ligand instead of a
coordinated peroxo ligand.
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Scheme 5.2 Thiel’s proposal for Mo-catalysed olefin epoxidation with TBHP.

Subsequent studies with cyclopentadienyl containing Mo-complexes showed, however, that
oxo peroxo Mo-complexes can act as epoxidation catalysts, as reported by Kühn et al.18 They
proved the catalytic activity of [η5-(C5H5)Mo(O2)(O)CH3] (3) and proposed a catalytic cycle
(see Scheme 5.3(a)). The oxo peroxo complex seems to be formed from the dioxo complex
[η5-(C5H5)Mo(O)2CH3] (4) in presence of a large excess of oxidant, and contributes as well
to the epoxidation of the olefin, however, with a slower rate constant than 4.
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Figure 5.1 Monomeric organomolybdenum complexes in piano-stool configuration that have been applied in
catalytic olefin epoxidation. Complexes 1, 3 and 4 are active catalysts, whilst complex 2 showed no catalytic
activity under the chosen reaction conditions.

These experimental evidences are, from a mechanistic point of view, not easily consoli-
dated. Does the reason of the catalytic inactivity of 2 lie in the presence of the electron-
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withdrawing chloro ligand or the sterically encumbering Cp*? Very recently, two independent
computational studies affronted this question (Scheme 5.3).19,20
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Scheme 5.3 Intermediates in the mechanistic pathway proposed by (a) Calhorda et al.20 and (b) Poli et al.19

On the one hand, Calhorda et al. studied the [η5-(C5H5)Mo(O)2CH3]-system, and proposed
a Mimoun-like pathway where a seven-membered metallacycle is formed after the olefin at-
tack at the α-oxygen of the peroxo ligand.20 Poli et al., on the other hand, found a variant of
the Sharpless pathway to be energetically most favourable for the [η5-(C5(CH3)5)Mo(O)2Cl]-
system.19 They also calculated a possible pathway for the epoxidation of ethylene catalysed
by [η5-(C5(CH3)5)Mo(O2)(O)Cl] and found higher activation barriers in the transition states.
A possible explanation is the higher electron density on the Mo-atom, decreasing less the
energy of the O–O σ* orbital of the ROO– ligand. Another influence may have the greater
sterical crowding of the Cp* ligand.
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Scheme 5.4 The three pathways compared based on DFT calculations by Poli et al. for olefin epoxidation by a
[MoO2L] system (L = ONO-type tridentate Schiff base ligand). The ligands are omitted for clarity, as well as
the olefin is simplified to ethylene.21

Lately, another computational study21 attempted to elucidate the oxygen transfer process
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in the case of [MoO2L(D)], with L = ONO-type tridentate Schiff base ligand and D a donor
molecule (Scheme 5.4). Three different mechanisms were compared and the energies of all
of their transition states were in a reasonable range, i.e. no one could be excluded or preferred
uniquely.

5.2 Experimental approach

A series of organomolybdenum compounds was synthesised and characterised by means of
NMR and IR spectroscopy. They were then applied as (pre-)catalysts of the epoxidation of
cyclooctene with tert-butyl hydroperoxide as oxidant for the determination of the catalytically
active species and for the assessment of kinetic data. Second, several experiments were car-
ried out to shed light on the mechanism of the catalytic olefin epoxidation: The determination
of the rate constants in the catalysed epoxidation of cyclooctene allows an insight in the struc-
ture of the possible active species, and 13C NMR spectroscopy was used for observing the
substrate environment during a catalytic cycle. The investigations performed with complex
[CpMo(CO)3CF3] (5) have already been presented in the previous chapter.

5.3 Results and Discussion

5.3.1 Activity of the catalyst precursors – [Cp’Mo(CO)3R]

There exist many reports on the catalytic activity of carbonyl organomolybdenum complexes
in olefin epoxidation.18,22−28 They act as pre-catalysts, as oxidative decarbonylation takes
place in presence of an oxidant. Although the catalytically active species needs to be formed
in the beginning of the reaction, it has been shown that the use of the carbonyl derivatives has
to be preferred to the application of the oxidised species, due to their higher stability and the
easier handling.24,25
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Figure 5.2 A set of monomeric carbonyl organomolybdenum complexes that are known olefin epoxidation pre-
catalysts.

The complexes shown in Figure 5.2 have all been synthesised and their NMR spectroscopic
characterisation is summarised in Table 5.1. Furthermore, they have been applied in the epox-
idation of cyclooctene with TBHP at room temperature. In the beginning of the reaction,
the pre-catalyst is decarbonylated (in situ) by the oxidant (TBHP). The rate of conversion
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Table 5.1 Characteristic spectroscopic data of complexes 5-9 (NMR spectra recorded in C6D6, at 25 °C).

Complex 1H NMR shift [ppm] 13C NMR shift [ppm] 95Mo NMR shift [ppm]
5 4.55 (Cp) 237.4; 227.5; 227.4 (CO) -1458

151.2 (CF3)
93.1 (C5H5)

6 4.42 (Cp) 240.5; 227.4 (CO) -1736
0.39 (CH3) 92.4 (C5H5)

-22.2 (CH3)
7 4.58 (Cp) 243.1; 225.1 (CO) -887

95.5 (C5H5)
8 1.48 (Cp*) 243.4; 229.8 (CO) -1596

0.28 (CH3) 104.0 (C5(CH3)5)
10.1 (C5(CH3)5)

-11.5 (CH3)
9 1.44 (Cp*) 247.4; 228.2 (CO) -819

108.6 (C5(CH3)5)
10.4 (C5(CH3)5)

to the oxidised species depends on the concentration of the oxidant as well as the ligand R
coordinated to the Mo-centre. Moreover, as the decarbonylation is an exothermic process,
the initial epoxidation reaction is accelerated, which induces in general higher turnover fre-
quencies. Figure 5.3 shows the kinetic data of the epoxidation of cyclooctene with TBHP at
room temperature with 0.25 mol% [Cp’Mo(CO)3R]. The performance of the pre-catalysts is
varying with respect to both cyclopentadienyl moiety and ligand R. While the complexes con-
taining a chloro ligand are fast oxidised to the Mo(VI)-species which is catalytically active,
[CpMo(CO)3CF3] shows a very long induction time at the chosen concentration. This is due
to the fact that the decarbonylation of this complex is very slow, thus the concentration of the
catalytically active species stays at a low level in the beginning of the reaction. In order to
determine the turn-over frequency (TOF) and turn-over number (TON) of the catalyst precur-
sors, i.e. to assess the catalytic characteristics of the complexes under the present reaction
conditions, a range of experiments using different catalyst concentration all by keeping the
other variables constant has been executed. Table 5.2 summarises the results, and leads to the
conclusion that a Cp moiety is more favourable than Cp* (probably because of sterics) and
that the positive influence on the catalytic activity of the complex decreases from Cl > CH3

> CF3. This is more difficult to explain, as the shielding of the [CpMo(CO)3]+ core increases
in the order Cl < CF3 < CH3. A possible explanation of this is the formation of different
oxidation products upon decarbonylation, as it was shown that for R = Cl, only the dioxo
derivative is formed in presence of TBHP at room temperature, and for R = CH3, formation of
[CpMo(O2)(O)CH3] is predominant with a large excess of oxidant. The remarkable gap to the
activity of the fluorinated complex 5 can be explained by its slow oxidation, and the resulting
low concentration of the catalytically active species (see Chapter 4 for more details).
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Figure 5.3 Kinetic data of the performance of various tricarbonyl organomolybdenum derivatives in the epoxi-
dation of cyclooctene in C6D6 (ratio pre-catalyst : cyclooctene : TBHP = 0.0025 : 1 : 1.2, 25 °C).

Table 5.2 Highest activities of the applied pre-catalysts expressed in terms of turn-over frequencies (TOF, de-
termined at the steepest slope of the kinetic curve) and turnover number (TON, determined with the conversion
achieved after 4h).

Complex Concentration [mol%] TOF [h−1] TON [-]
5 0.500 240 152
6 0.250 1874 370
7 0.063 7932 1472
8 0.500 857 146
9 0.125 5852 584

5.3.2 Catalytic activity of the chloro derivatives

Oxidation of [Cp’Mo(CO)3Cl] with excess TBHP at room temperature yields [Cp’Mo(O)2Cl].23

Further conversion to the oxo peroxo derivative, however, was observed in catalytic reactions
with higher temperatures and prolonged reaction times, in presence of a large excess oxi-
dant.14 It was reported that complex 1 is degraded to complex 2 during a catalytic reaction,
thus poisoning the catalyst 1 as it does not show any activity under the applied reaction con-
ditions.14,29
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Figure 5.4 Isolated organomolybdenum complexes bearing a chloro-moiety as well as oxo and/or peroxo ligands.

As the dioxo complexes 1 and 10 were known to be active epoxidation catalysts, it was
questionable if complex 11 would be active as well. Therefore, the complexes were isolated
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(see Table 5.3 for characterisation) and applied in the epoxidation of cyclooctene with TBHP
at room temperature.

Table 5.3 Characteristic spectroscopic data of complexes 1-2 and 10-11 (NMR spectra recorded in C6D6).

Complex 1H NMR shift [ppm] 13C NMR shift [ppm] 95Mo NMR shift [ppm]
1 1.62 (Cp*) 125.2 (C5(CH3)5) -402

11.1 (C5(CH3)5)
2 1.53 (Cp*) 126.0 (C5(CH3)5) -411

11.0 (C5(CH3)5)
10 5.40 (Cp) 115.4 (C5H5) -453
11 5.38 (Cp) 115.4 (C5H5) -558

As in the case of the tricarbonyl catalyst precursors, the Cp-complexes exhibit a higher ac-
tivity than the Cp*-derivatives (see Figure 5.5). As expected, complex 2 shows no catalytic
activity at room temperature. This is in agreement with literature reports14,29 and DFT cal-
culations19 that state a higher energy state of the oxygen transfer step for [Cp*Mo(O2)(O)Cl]
(45.1 kcal mol−1) than for [Cp*Mo(O)2Cl] (25.9 kcal mol−1) with H3COOH as an oxidant.

Figure 5.5 Kinetic data of the performance of the four chloro organomolybdenum derivatives in the epoxidation
of cyclooctene in C6D6 (ratio catalyst : cyclooctene : TBHP = 0.0025 : 1 : 1.2, 25 °C).

Comparison of the TOF of the Mo(VI)-derivatives with their respective Mo(II)-precursors
(Tables 5.2 and 5.4) leads to the conclusion that the pre-catalysts show a substantially higher
activity. It is supposed that the exothermicity observed in the beginning of those reactions
induces this enhancing effect in the initial period.

5.3.3 Comparison of [Cp’Mo(O2)(O)R]-type complexes

As mentioned in the introduction, there is a surprising difference in reactivity between the oxo
peroxo complexes 2 and 3. The isolation of other oxo peroxo complexes (shown in Figure 5.6)
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Table 5.4 Highest activities of the applied catalysts expressed in terms of turn-over frequencies (TOF, determined
at the steepest slope of the kinetic curve) and turnover number (TON, determined with the conversion achieved
after 4h).

Complex Concentration [mol%] TOF [h−1] TON [-]
1 0.125 1225 383
2 0.250 – –

10 0.125 4214 617
11 0.125 2219 559

and their application in the epoxidation of cyclooctene should therefore serve to elucidate this
fact.
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Figure 5.6 Isolated oxo peroxo organomolybdenum complexes.

Complexes 2, 3, 11 and 12 were thoroughly spectroscopically characterised. Table 5.5 sum-
marises the resonances observed in 1H, 13C, and 95Mo NMR spectra. Latter reveals a trend
(with exceptions) to the catalytic activity in olefin epoxidation: the stronger the shielding of
the Mo-core (the more negative the resonance), the better is the performance of the complex
in epoxidation catalysis (see also Table 5.7). In the case of complex 2, the steric bulk of the
Cp* ligand influences the catalytic activity enormously, as it shows no activity.

Table 5.5 Characteristic spectroscopic data of complexes 2-3 and 11-12 (NMR spectra recorded in C6D6).

Complex 1H NMR shift [ppm] 13C NMR shift [ppm] 95Mo NMR shift [ppm]
2 1.53 (Cp*) 126.0 (C5(CH3)5) -411

11.0 (C5(CH3)5)
3 5.23 (Cp) 109.3 (C5H5) -609

1.95 (CH3) 24.8 (CH3)
11 5.38 (Cp) 115.4 (C5H5) -558
12 5.30 (Cp) 112.5 (C5H5) -709

148.0 (CF3)

In the FT-IR spectra of the compounds, the symmetric/asymmetric Mo(η2-O2) stretching
frequencies are located at 585/567 cm−1 for complex 2, at 575/561 cm−1 for complex 3, at
560/518 cm−1 for complex 11 and at 571/525 cm−1 for complex 12. The weak IR and Raman
features between 850 and 870 cm−1 were referred to the O-O stretching of the peroxo group.
The ring tilt mode can be assigned to the IR bands around 355 cm−1.
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Table 5.6 Selected FT-IR and Raman frequencies (cm−1) of compounds 2, 3, 11 and 12.

2 3 11 12
IR Raman IR Raman IR Raman IR Raman Assignment
927vs a 951vs 949vs 936vs 933s 953vs a ν(Mo=O)
878vs ν(CC) and ν(C-CH3) of Cp*

878vs 872s 882vs 878m 890vs γ(CH) of Cp
858vvw 850vw 862vw 861w 870vw ν(O-O)
585s 575s 576m 560s 559m 571s νs(Mo(η2-O2))
567vs 561vs 559s 518s,b 518w,b 525vs νa(Mo(η2-O2))
349vs 368m 368s 352s 351s 376vs ν(MoCp)
295m 308m,b 309m 302w O=MoCp deformation
255w 256s 258vs 265w 264s 243vs O=Mo(η2-O2) deformation
228m 219s 218m 228w 218m 204m O=Mo(η2-O2) deformation

a not determined

A first catalytic experiment was made by reacting the complexes stoichiometrically with
cyclooctene. While the bisperoxo complex [(CH3)Re(O2)2O ·H2O] formed of MTO with
2 equivalents H2O2 is an active oxygen transfer agent when isolated and reacted stoichio-
metrically with an olefin,30 the monoperoxo complex [(CH3)Re(O2)O2] does not induce the
formation of epoxides from olefins in absence of H2O2. The same accounts for the Mo(VI)-
complexes presented herein (Scheme 5.5). No epoxide formation is observed, even at 55 °C,
in absence of excess TBHP.
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Scheme 5.5 Oxo peroxo organomolybdenum compounds with R = H and X = Cl; CH3; CF3 catalytically epox-
idise olefins in presence of excess THBP, applied in a stoichiometric amount, however, they do not transfer an
oxygen atom to an olefin in absence of an oxidant.

Table 5.7 Highest activities of the applied catalysts expressed in terms of turn-over frequencies (TOF, determined
at the steepest slope of the kinetic curve) and turnover number (TON, determined with the conversion achieved
after 4h).

Complex Concentration [mol%] TOF [h−1] TON [-]
2 0.250 – –
3 0.250 1268 288

11 0.125 2219 559
12 0.125 2371 581

The kinetics of the catalytic reaction with excess TBHP is shown in Figure 5.7. As in the
case of the catalytic precursors [Cp’Mo(CO)3R], the cyclopentadienyl-containing complexes
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perform better, whereof [CpMo(O2)(O)CF3] displays the highest activity in terms of TOF (see
Table 5.7).

Figure 5.7 Kinetic data of the performance of the four oxo peroxo organomolybdenum derivatives in the epoxi-
dation of cyclooctene in C6D6 (ratio catalyst : cyclooctene : TBHP = 0.0025 : 1 : 1.2, 25 °C).

5.3.4 Mechanistic studies with [CpMo(O)2Cl]

Mechanistic studies with complex 3 have proven the presence of a σ-bound peroxo-group
as intermediate in the catalytic cycle.18 This is in accordance to results reported by Thiel
et al., who proposed a concerted oxygen transfer from a pendant peroxo group on a peroxo
Mo(VI)-complex to the olefin in the epoxidation reaction with TBHP as the oxidant.15−17 We
therefore performed the same experiments with complex 10 in order to support the mechanis-
tic similarity of the different Mo(VI)-complexes presented herein.
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Scheme 5.6 Proposed general epoxidation mechanism.

Based on published results,18 one can assume a mechanism as presented in Scheme 5.6.
During a catalytic reaction, complex 10 is in equilibrium with the reactive intermediate I, and
the rate of olefin epoxidation can be defined as follows:

rate =−d[olefin]
dt

= kep · [olefin] · [I] (5.1)
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Taking into account the total mass balance [Mo]total = [10] + [I], equation (5.1) stipulates a
linear increase of the epoxidation rate with increasing catalyst concentration. The kinetics of
the epoxidation was thus examined by series of experiments with constant olefin and TBHP
concentration, but varying catalyst concentration (Figure 5.8). The initial rate was determined
based on the conversion of the olefin to the epoxide after 90 seconds reaction time, and the
value of rate constant kep was calculated (14.013 ± 1.144 M−1s−1).
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Figure 5.8 Linear dependence of the oxidation initial rate of cyclooctene (0.01 M) on [Mo]total according to
equation (5.1). The reactions were carried out at 25 °C in CDCl3 with [TBHP] = 1 M.

The rate equation (5.1) can then be re-written by means of a steady-state approximation,
i.e. the concentration of the intermediate I does not change over time, so that it becomes:

rate =−d[olefin]
dt

=
kep · kp · [olefin] · [TBHP] · [Mo]total

k−p + kp · [TBHP]+ kep · [olefin]
(5.2)

A second series of experiments was performed by varying the concentration of TBHP (Fig-
ure 5.9). Fitting of the kinetic data points to equation (5.2) allowed again extraction of the
rate constant kep = 9.227 ± 0.086 M−1s−1, which is close to the one estimated above.
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Figure 5.9 Variation of the oxidation initial rate of cyclooctene (0.1 M) catalysed by 10 (0.001 M) against the
concentration of TBHP in CDCl3 at 25 °C. The curve fitting was done by using equation (5.2) with kp = 6.612
± 0.005 M−1s−1; k−p = 0.005 s−1; kep = 9.227 ± 0.086 M−1s−1.
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5.3.5 Mechanistic investigations by means of 13C NMR spectroscopy

In order to rule out the pathway proceeding via a Mimoun-type mechanism, a study based
on α,β-13C-labelled styrene and complex 5 was carried out. The rate of epoxidation of this
particular olefin is known to be slow at room temperature in presence of Mo-based catalysts
(see Chapter 4). In order to assure monitoring of the reaction by continuously recording
short 13C-NMR spectra (526 scans), the reaction temperature was set to 10 °C. The catalyst :
substrate ratio was chosen 1 : 2, with an excess (100 equiv. with respect to catalyst) TBHP as
oxidant present. If the oxygen transfer occurs via a Mimoun-type mechanism, complexes of
the type of 13 or 14 (shown in Figure 5.10) would be formed and give rise to distinct signals
in the 13C NMR spectra.

Mo
O CF3

O

O

OtBu

Mo
O CF3

O

O

OtBu

H H

13 14

Figure 5.10 Two possible reaction intermediates in the epoxidation of styrene if the reaction proceeds via a
Mimoun-type pathway.

Table 5.8 Comparison of calculated and experimental 13C NMR shifts of possible reaction intermediates/prod-
ucts (experimental values recorded in C6D6).

Calc. 13C NMR shift [ppm] Exp. 13C NMR shift [ppm]
Styrene 146.91; 116.47 137.36; 113.56

Styrene oxide 57.17; 56.81 52.76; 51.29
Styrene diol 77.52; 73.16 75.34; 68.57

13 17.79; 23.99 –a

14 33.51; 0.58 –

a not observed

Table 5.8 summarises the calculated signals possibly observable during the catalysed epox-
idation of styrene (the values correspond to the labelled α- and β-carbon atom, respectively).
The corresponding signals that were observed experimentally are listed on the right hand side.
Figure 5.11 shows the recorded spectra, and it is important to note that the substrate (top) con-
tains some impurities at 29.17 and 15.91 ppm, probably due to ethylbenzene. Addition of
the pre-catalyst shows no effect on the 13C NMR spectrum (Figure 5.11, middle), whereas
addition of the oxidant leads to several new peaks (Figure 5.11, bottom): on the one hand,
signals from TBHP and decane (marked with asterisks) are visible. On the other hand, traces
of styrene oxide and styrene diol are observable. The major oxidation product, however, has
signals at 87.19 and 65.87 ppm. Although it is not unambiguously identified, it is supposed to
be polymerised styrene oxide.
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Figure 5.11 13C NMR spectra of α,β-13C-labelled styrene in C6D6 (top); the same solution after addition of
complex 5 (middle); and 30 min after the subsequent addition of TBHP (bottom). Signals marked with an
asterisk belong to the decane solution of TBHP.

This experiment corroborates a reaction pathway that does not involve substrate coordina-
tion to the molybdenum centre. Thus, a Sharpless-type exogenous oxygen-transfer is happen-
ing, in line with the mechanism proposed by Thiel.15−17

5.4 Conclusion

Herein, the kinetics of cyclooctene epoxidation with various molybdenum-based (pre-)catalysts
are presented. Cp*-containing complexes generally show poorer performances than com-
plexes with Cp ligands, possibly due to sterical hindrance. A simple correlation of the 95Mo
NMR shift (i. e. the electronic shielding of the Mo-core) and the catalytic activity cannot
be drawn. Both for the pre-catalysts and the oxo peroxo derivatives, no unambiguous trend
is observable, indicating the important influence of the ligand R. On the one hand, there are
remarkable differences in the ease of decarbonylation of the tricarbonyl complexes, where
the chloro derivative is almost instantaneously oxidised and the fluorinated complex not com-
pletely even after one hour, a fact that affects their catalytic performance. On the other hand,
investigations of the Mo(VI)-complexes show the impact of the sterical crowding of the lig-
and R on the catalytic performance. Although the shielding of the molybdenum core increases
in the order Cl < CH3 < CF3, the TOF obtained in the epoxidation of cyclooctene at room
temperature with the oxo peroxo complexes decreases in the order CF3 > Cl > CH3, thus
indicating a negative influence of the methyl group.
13C NMR experiments indicate the absence of substrate coordination to the metal core, thus,
a mechanistic pathway that proceeds via a Mimoun-type mechanism is ruled out. This is also
supported by the mechanistic studies with [CpMo(O)2Cl], where the determination of the rate
constants suggests an oxygen-transfer via a σ-bound alkylperoxo group.
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5.5 Experimental Section

5.5.1 Materials and methods

All experimental synthetic work was carried out using standard Schlenk techniques under ar-
gon. Catalytic reactions were performed under normal laboratory atmosphere. High-resolution
NMR spectra were measured with a Bruker Avance DPX-400 (1H: 400.0 MHz; 13C: 100.6
MHz; 19F: 376.5 MHz; 95Mo: 26.1 MHz) spectrometer, the signals were referenced to the
solvent residual signal (1H; 13C) or an external standard (95Mo: Mo(CO)6 in C6D6 at -1856
ppm). Mid-IR spectra were recorded on a Varian ATR-FTIR instrument. Far-IR spectra
(700-40 cm−1, 128 scans, resolution 4 cm−1) were recorded with a dedicated Bio-Rad FTS-
40 spectrometer equipped with wire-mesh beam splitter, polyethylene-windowed deuterated
triglycine sulfate (DTGS) detector, and high-pressure mercury lamp as source. Raman spectra
(50-4000 cm−1, 256 scans, resolution 4 cm−1) were excited with a Spectra-Physics Nd-YAG-
laser (1,024 nm) and recorded by means of a dedicated Bio-Rad FT-Raman spectrometer
equipped with a liquid N2-cooled Ge detector. The laser power at sample position was about
100-200 mW.

5.5.2 Synthesis of the complexes

The organomolybdenum complexes [Cp’Mo(CO)3R],31−34 [Cp’Mo(O)2R]23 and [Cp’Mo(O2)
(O)R]18,29 were synthesised according to literature procedures or adaptations of these proce-
dures. The spectral data listed throughout the text are in agreement with the reported values.

5.5.3 Catalysis studies

In all catalytic reactions, TBHP (5.5M in decane, over 4Å molecular sieves) was used as ox-
idant and cyclooctene as substrate, unless stated otherwise. The reactions were done at room
temperature and initiated by addition of the oxidant. The kinetic data was collected by using
1H NMR and GC.
(a) The reactions monitored by 1H NMR were carried out in C6D6 in a total volume of 0.4-0.8
mL. The relative amounts of catalyst, substrate and oxidant were chosen with respect to the
requirements of the kinetic analysis.
(b) The quantitative GC analysis was performed by taking samples of the reaction mixture at
specific time intervals and treating them with MnO2 to quench excess peroxide. After filtra-
tion, the samples were diluted with an isopropanol solution containing the standards p-xylene
and indane (4 mg/L). The conversion of cyclooctene and the formation of cyclooctene epoxide
were calculated from calibration curves (r2 = 0.999) recorded prior to the reaction course.
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22. F. E. Kühn, A. M. Santos, M. Abrantes, Chem. Rev. 2006, 106, 2455.

74



23. M. Abrantes, A. M. Santos, J. Mink, F. E. Kühn, C. C. Romão, Organometallics, 2003,
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265.
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6 The [η5-(C5H5)Mo(CO)3R] Compound
Class: Similarities and Differences
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6.1 Background

Since the unravelling of the uniquely wide catalytic applicability of methyltrioxorhenium,
CH3ReO3, it has been argued that its perfluorinated derivative, CF3ReO3 might be an even
more potent catalyst for a variety of reactions.1 Despite theoretical predictions concerning
the stability of this compound,2 it could not be synthesised until today. Furthermore, most
other derivatives of CH3ReO3 are either unstable or catalytically largely inactive.1,3 Never-
theless, the idea of deriving a class of highly active, tailor made molecular catalysts, based
on a simple concept is tempting. In contrast to its rhenium congeners, compounds of for-
mula [η5-(C5H5)Mo(O2)(O)R] are on average more stable and the variation of the group R
is more easily achieved.4 Some of these compounds are active catalysts for oxidation reac-
tions, matching even CH3ReO3 in activity.5 The most important drawback in comparison to
CH3ReO3, however, is that they do not activate hydrogen peroxide but alkyl hydroperoxides.
The latter, although of widespread use both in academia and industry are considered as less
environmentally friendly oxidants than hydrogen peroxide since they do not produce water but
alcohols as by-products of the oxidation reaction. Nevertheless, the [η5-(C5H5)Mo(O2)(O)R]
derivatives as well as their tricarbonyl precursors may be an interesting case study on whether
CF3 derivatives might be indeed ’better’ catalysts than their methyl analogues and whether it
might be worthwhile to apply such compounds as catalysts in oxidation reactions.

6.2 Results and Discussion

As a first step, the elucidation of the bonding properties of the tricarbonyl complexes by
means of IR and Raman spectrometric measurements is attempted. Both the CO stretching
frequencies and the molybdenum-carbon stretching frequencies (of the carbonyl ligand) allow
a judgement of the bonding properties in the complexes and make the calculations of the force
constants of these bonds possible. The assignment of the frequencies of the title complexes
has been partly done before.6−9 A complete overview of the most studied cyclopentadienyl
molybdenum tricarbonyl complexes, however, has never been presented. The objective of this
investigation is to analyse the force field data, obtained by normal coordinate analysis (NCA)
from experiments, and to discuss the frequency assignments and regularities in molecular pa-
rameters (bond lengths, force constants) as a function of the ligand R involved. Furthermore,
the resolution of the single crystal structure of the fluorinated complex provides an insight
in the structural differences, although they were expected to be rather small. As the methyl
derivative,10 it crystallises as racemic twin.
Going from the tricarbonyl pre-catalysts to their oxidised derivatives, another crystal structure
is presented. Analogous to [CpMo(O2)(O)CH3],11 the thermodynamic oxidation product of
the fluorinated complex is the oxo peroxo derivative [CpMo(O2)(O)CF3]. The comparison
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of the crystal structures of those two complexes reveals interesting insights into the structural
features, and a possible explanation of the enhanced performance of the fluorinated Mo(VI)-
derivative is given.

Mo
OC

OC CO

R

Figure 6.1 Sketch of the investigated molecular organomolybdenum complexes with R = CF3 (1), CH3 (2), Cl
(3).

6.2.1 Vibrational spectra

Force Field Study

Normal coordinate calculations by means of Wilson’s GF matrix method were performed to
obtain force constants by optimising the vibrational frequencies using a symmetrised valence
force field. The PC-based program package developed by Mink and Mink was used for the
calculations.12

Normal coordinate calculation of the title complexes is not trivial and, therefore, is not carried
out routinely (see comments in ref. 13). In order to carry out a ’complete’ normal coordinate
analysis, we have introduced as point masses the Cp ring, CH3, CD3 and CF3 groups using

’spectroscopic masses’ as 77.1,13 16.5, 19.5 and 7914 atomic mass units for Cp, CH3, CD3

and CF3, respectively.
The molecules belong to Cs point group and the irreducible representation for the simplified
structure is 13 A’ + 8 A”. If we consider the molecules as having planar symmetry (Cs), then
all the 21 fundamentals should appear both in the IR and Raman spectra as well. This is in
good agreement with our experimental observations (see Table 6.1). Geometrical parameters
were taken from Table 6.5, but we use a uniform CO bond length of 1.14 Å.
The starting force fields were adopted from literature: Ref. 6 for CO stretching and ref.
13 for other stretchings and skeletal coordinates. The calculated results were refined to the
experimental frequencies of the complexes. Tables 6.2, 6.3 and 6.4 outline the results (cal-
culated fundamental frequencies, potential energy distributions, complete and selected force
constants). Due to the strong solid state effect obtained in both in IR and Raman spectra the
fundamental frequencies were obtained as averaged frequencies of multiple (generally 2-3
well defined bands or shoulders) features of a certain mode. These fundamental frequencies
are listed in Tables 6.2 and 6.4.
The calculated frequencies are found to be in very good agreement with the experimental ob-
servations (Table 6.2). The small isotope shifts of CD3 group are nicely reproduced by the
calculation. The Potential Energy Distribution (PED) indicates that the CO stretchings are
rather localised modes with small (about 10%) contribution of MoC stretchings. In contrast,
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the MoC stretching modes (ν5, ν7 and ν16) are more complex vibrations, exhibiting strong
interactions with the MoCO linear bending coordinates.

Comparison of the vibrational spectra and force constants of [η5-(C5H5)Mo(CO)3R]
complexes

The three title complexes have been chosen for comparison, as all of them are known pre-
catalysts for the epoxidation of olefins with TBHP as oxidant.10,11,15−17 There are several
reports about the infrared spectra of [CpMo(CO)3R]-type complexes,6−9 however, to the best
of our knowledge, Table 6.1 presents for the first time a comprehensive overview of the IR
and Raman frequencies of the above-mentioned complexes, together with the complete as-
signment of the corresponding vibrational modes in accordance with several reports.18−21

Only a simplified force constant calculation (discussing only CO stretching vibrations and
force constants) of the four complexes has been published so far.6

Whilst the fundamental frequencies of the cyclopentadienyl ligand practically do not depend
on the ligand R bound to the metal centre, the CO stretching and Mo-ligand vibrations signif-
icantly changes with the R group (see Table 6.1).
For better comparison, we have summarised the characteristic stretching modes of the com-
plexes in Table 6.4. The averaged CO stretching frequencies (ν1 + ν2 + ν14) are decreasing
in the following order 1983 > 1978" 1945 cm−1 for complexes 1, 3 and 2, respectively. It
is suggested that the coordination of the CO group is very similar in complexes 1 and 3 but
different for the CH3 (2) derivative, where the CO group is more strongly bound. Exactly this
trend is reflected in the averaged MoC stretching frequencies as well: 485" 462 > 455 cm−1

for complexes 2, 1 and 3, respectively. Of course the higher MoC stretching frequency leads
to a higher MoC stretching force constant, 3.11 Ncm−1 in case of complex 2, while smaller
values of 2.86 and 2.94 Ncm−1 were obtained for complexes 1 and 3, respectively.
By changing R from CH3 to CF3 or Cl, the above discussed differences can be explained
with the lower electron density on the metal core, inducing a weaker metal-ligand interaction,
but strengthening the C=O bond. Comparison of the complex containing a chloro ligand (3)
reveals important similarities to the bonding in the CF3-derivative. In this case, structural
properties such as steric crowding seem to be responsible for the different reactivity.
The coordination of the cyclopentadienyl ligand is slightly weaker in the CH3-derivative; the
force constant is 3.11 Ncm−1 referring to the lower stretching frequency, 335 cm−1 (Table
6.4). It is reasonable that the CF3 and Cl ligands change the electron density on the metal and
the Mo-Cp interaction becomes stronger.
It is interesting to note that the differences between the stretching force constants K1(CO) and
K2(CO) are bigger for the complexes 1 and 3 (about 1.5 Ncm−1, Table 6.4), whereas it is only
about 0.5 Ncm−1 for complex 2. The CF3 and Cl ligands possibly exhibit a stronger ’trans
influence’ to the CO group in the opposite position by weakening its bonding.
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Table 6.1 IR and Raman frequencies assigned to the spectroscopic modes of vibration.

[CpMo(CO)3CF3] [CpMo(CO)3CH3] [CpMo(CO)3CD3] [CpMo(CO)3Cl]
1 2 2a 3

IR Raman IR Raman IR Raman IR Raman Assignment
3126m 3130m 3113m 3123m 3113m 3123m 3132m 3127m νs(CH), Cp

3118m νa(CH), Cp
3108w 3100w 3102w 3103m 3111w νa(CH), Cp

2981m 2982m 2233m 2236m νa(CH3/CD3)
2902m 2905m 2116m 2114m νs(CH3/CD3)
2020w,sh 2019m 2018w,sh 2018m νs(C≡O)

2060w,sh 2056m νs(C≡O)
2048s 2042s 2006s 2003s 2004s 2002s 2040vs 2041vs νs(C≡O)
1980w,sh 1977s 1948w,sh 1945w,sh 1974w νa(C≡O)
1963s 1962vs 1920m,sh 1921s,sh 1920m,sh 1920s,sh 1969vs 1960s νa(C≡O)

1949vs νa(C≡O)
1934vs 1932s 1903vs 1900vs 1901vs 1889vs 1932vs 1930m νa(C≡O)
1916m,sh 1924s,sh νa(C≡O)
1430m 1427m 1423m 1425m 1423m 1421m,b 1421m 1422vw νa(CC), Cp

1423m 1420m 1062m 1061m δa(CH3/CD3)
1356w 1354w 1352w 1353w 1352w 1354w 1355vw νa(CC), Cp

1161m 1161m 883m 881s δs(CH3/CD3)
1113vw 1109s 1109vw 1107s 1109vw 1107s 1110vw 1109s νs(CC), Cp

1069m 1060m 1061m 1062m 1061m 1064m 1061m β(CH), Cp
1050s 1057m νa(CF3)
1043s νa(CF3)
1012s 1011m 1011vw 1012m 1009vw 1014m β(CH), Cp
1004s 1005vw 1003vw 1005m 1007vw β(CH), Cp
982s 978vw νs(CF3)
831m 827m 825s 822vw 822s 821vw 822s 816vw γ(CH), Cp
695m 692m δs(CF3)

613w 608vw 488vs ρ(CH3/CD3)
475s 475s ρ(CH3/CD3)

613w 613w 608vw 614w,sh 601w ∼600vw δs(MoCO)
573s 571w 587s 584vw 597s 596w 561s 560vw δs(MoCO)
546vs 544w 562vs 562m 561vs 563vw 524s ∼520vw βa(MoCO)

755w 758vw 548s,sh 549vw ρ(CH3/CD3)
525w 521w δa(CF3)
512w δa(CF3)
479s 477w 502w,sh 498m,sh 498w,sh 471s 464w νs(MoC)
479s 477w 489vs 482m 488vs 490w,sh 471s 464w γa(MoCO)
455ms 458ms 465w,sh 463w,sh 476ms βa(MoCO)

432w 428vw βa(MoCO)
430vs 432m 451s 453m 448s 451s 432w 428vw νa(MoC)
404m 402m 437m 438vs 429ms 429s 415m 420vw γ(MoCO),

405w 408ms 392m 391m ν(MoC), CH3/CD3
383w,sh νa(MoCp), tilt

366w 361w,sh 355w 355s 353m 352vs 371m νa(MoCp), tilt
336w 334vs 334w 333vs 361sa 350w,sh νs(MoCp)

352vw 350vs 337vwa 338ms νs(MoCp)
281vsa 278w ν(MoCl)

continued on next page
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Table 6.1 continued

[CpMo(CO)3CF3] [CpMo(CO)3CH3] [CpMo(CO)3CD3] [CpMo(CO)3Cl]
1 2 2a 3

IR Raman IR Raman IR Raman IR Raman Assignment
251s 249s ν(MoC), CF3
234m 233m ρ(CF3)

173s 125vw,sh 160s τ(CH3/CD3)
160m 148m τ(CH3/CD3)

137w 137w,m 130w,sh 133w 130w,sh δ(CpMoR)
119w 119w 107w 104w δs(CMoC)
106vw δs(CMoC)

90w,sh 90w,sh δa(CMoC)
60vw 60vw δ(CMoCp)

a Far-infrared data taken from reference 20
b Notation of fundamental modes: ν – stretching; δ – bending or deformation; ρ – rocking; β – in plane, γ – out
of plane deformation; τ – torsion; subscript ’s’ symmetric, subscript ’a’ anti-symmetric.

Table 6.3 Calculated force constants for [CpMo(CO)3CH3] and [CpMo(CO)3CD3].

Force constants Groups involved and descriptions Numerical values of force constants Units
K1(C’O) C’O opposite to CH3/CD3 13.969 a
K2(CO) CO close to CH3/CD3 14.396 a
Fs(CO,CO) Interaction between CO, CO groups 0.555 a
Fl(C’O,CO) Interaction between C’O, CO groups 0.278 a
K(MoC) Mo-CO 3.108 a
F(MoC,MoC) Mo-CO 0.011 a
K(Mo-Me) Mo-CH3, Mo-CD3 1.527 a
K(Mo-Cp) Mo-Cp 3.110 a
H(MoCO) MoCO linear bending (in plane) 0.865 b
h(MoCO,MoCO) MoCO , MoCO interaction 0.008 b
H’(MoCO) MoCO linear bending (out of plane) 0.534 b
h’(MoCO,MoCO) MoCO, MoCO interaction 0 b
H(CMoMe) skeletal bending (0.55)c b
H(CMoC) skeletal bending (0.62) b
H(CMoCp) skeletal bending (0.48) b
H(CpMoMe) skeletal bending (0.50) b
F(MoMe,MoC’) stretch-stretch interaction (0.10) a
F(MoMe,MoC) stretch-stretch interaction (0.05) a

Remarks:
Units of force constants are: a, 102 Nm−1; b, 10−18 Nmrad−2;
c The constrained values are listed in brackets.
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Table 6.2 Experimental and calculated fundamental frequencies for [CpMo(CO)3CH3] and [CpMo(CO)3CD3].

[CpMo(CO)3CH3] [CpMo(CO)3CD3] Potential Energy Distributiond Description
Exper.a Calcd. Exper. Calcd. (%) of mode

A’1 2012 2010 2010 2004 83 νsCO + 10 νsMoC CO sym. stretching
2 1903 1890 1900 1890 81νaCO + 11 νaMoC CO asym. stretching
3 598 592 602 592 55 βsMoCO + 25 βaMoCOc + 8 δsCMoC MoCO bending
4 562 562 562 562 61 βaMoCO + 21 βsMoCO + νsMoC MoCO bending
5 502 503 498 503 47 νsMoC +14 γaMoCO + 13 νaMoC MoC stretching
6 485 484 489 484 48 γaMoCO + 15 νsMoC + 10 νMoCp MoCO bending
7 452 450 450 447 53 νaMoC + 22 γaMoCO + 12 νMoCp MoC stretching
8 406 408 392 388 70 νMo-Me + 17 νaMoC + 9 νsMoC Mo-Me stretching
9 335 335 333 333 83 νMoCp + 10 νsMoC +5 νMo-Me Mo-Cp stretching

10 131b 145 130 139 61 δsCpMoMe + 13 δCMoCp + 10 βMoCO CpMoMe deformation
11 107 110 104 108 43 δsMoC3 + 32 δCMoCp MoC3 sym. deformation
12 90 99 90 99 41 δaCMoC + 32 δaCMoCp + 16 δCpMoMe CMoC deformation
13 60 66 60 66 57 δCMoCp + 26 δCpMoMe CMoCp deformation

A”14 1920 1911 1907 1900 92 νaCO + 8 νaMoC CO asym. stretching
15 562 560 562 560 87 βaMoCO + 6 δaCMoCp MoCO deformation
16 502 508 498 508 72 νaMoC + 11 γaMoCO + 6 νaCO MoC stretching
17 465 463 470 463 61 γaMoCO + 19 δaCMoC + 9 δsMoCO MoCO deformation
18 438 432 429 432 85 γaMoCO + 5 νaCO + 4 δaCMoC MoCO deformation
19 130 144 130 136 δaCMoMe + 43 δaCMoC CMoMe deformation
20 - 120 120 120 91 δCMoCp + 5 βaMoCO CMoCp deformation
21 107 104 90 104 76 δaCMoC + 21 γaMoCO CMoC deformation

a Averaged IR and Raman frequencies were used as fundamentals when the wavenumbers were slightly different or split due to the solid state effects.
b Experimental frequencies below 150 cm−1 were assigned on the basis of normal coordinate calculations.
c The β(MoCO) are the linear bendings of Mo-C-O groups in the plane of CMoCp, the notation of γ(MoCO) requests the linear bendings perpendicular to the plane of
CMoCp.
d Potential Energy Distributions (PED) were taken from the result of [CpMo(CO)3CH3] calculations.
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If we consider that the MoC stretching force constant value, 3.11 Ncm−1 refers to the aver-
aged bond distance of 1.991 Å for complex 2, and that the averaged bond distance for complex
1, 2.006 Å, corresponds to a value of 2.86 Ncm−1 of the force constant, then the MoC bond
length of complex 3 can be estimated around 2.001 Å by a linear approximation of the bond
force constant versus the inverse of the square of the bond length, i.e. within the error range
of the averaged experimental bond distance (see Table 6.5).
Values of Cotton-Kraihanzel CO stretching force constants, K1 and K2

21 have been estimated
from the CO stretching frequencies.6 The two force constants for [CpMo(CO)3CH3] were
15.49 and 16.45 Ncm−1, which are about 10% higher than our result from the full calculation.
For the other two complexes the extent of force constant overestimation varies between 7 and
12%. Therefore, it can be concluded that the C.-K. method strongly overestimates the CO
stretching force constants for this type of tricarbonyl complexes.

Table 6.4 Comparison of characteristic stretching frequencies (cm−1) and bond stretching force constants
(Ncm−1) of the tricarbonyl complexes.

[CpMo(CO)3CF3] [CpMo(CO)3CH3] [CpMo(CO)3Cl] Description
Frequencies 1 2 3
ν1, A’ 2052a 2112 2041 CO sym. stretch
ν14, A” 1971 1920 1963 CO asym. stretch
ν2, A’ 1927 1903 1929 CO asym. stretch
ν5, A’ 478 502 468 MoC sym. stretch
ν16, A” 478 502 468 MoC asym. stretch
ν7, A’ 431 452 430 MoC asym. stretch
ν8, A’ 250 406 280 MoR stretch
ν9, A’ 351 335 355 MoCp stretch
Forces constants
K1(CO)b 14.01 13.97 14.05
K2(CO) 15.38 14.40 15.30
Fs(CO,CO)c 0.59 0.56 0.62
Fl(C’O,CO)d 0.29 0.28 0.31
K(MoC) 2.86 3.11 2.94
K(Mo-R) 1.88 1.53 1.28
K(Mo-Cp) 3.18 3.11 3.16

a All fundamental vibrational frequencies are averaged values of experimental data listed in Table 6.1. For
numbering of frequencies see Table 6.2;
b Carbonyl ligand opposite to R group;
c Stretch-stretch interaction between two CO groups in ’short’ distance;
d Stretch-stretch interaction between two CO groups in ’long’ distance.
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6.2.2 Molecular structures

Comparison of the crystal structures of the complexes of type [η5-(C5H5)Mo(CO)3R]

The crystal structure of the fluorinated molybdenum tricarbonyl derivative was unveiled from
single-crystal X-ray diffraction studies (Figure 6.2). As its non-fluorinated methyl analogue,
it crystallises as racemic twin.

Figure 6.2 Ortep drawing of the solid-state structure of [CpMo(CO)3CF3]. The thermal ellipsoids are shown at
the 50% probability level.

The comparison of the bond lengths in the three title compounds (listed in Table 6.5) reveals
interesting features. The atom numbering has been re-done for the Cl and CH3 derivatives ac-
cording to Figure 6.3, in order to provide a consistent basis.
It can be noted that the length of the molybdenum-carbon bonds (of the carbonyl ligands,
C1-C3) are longest for complex 1. The Mo-C2 bond, being opposite to the R group, shows
a ’trans effect’, however, no clear trend can be defined: it is elongated by 0.012 Å compared
to the cis-carbonyls in complex 1, whilst in complex 3, this bond is shorter than the adjacent
ones. Further, the carbon-oxygen bonds show varying lengths, again with some ’trans effect’:
a considerable elongation is apparent in complex 3, and in complex 1, it is shortened. In
complex 2, however, no similar tendency can be observed. The study of the Mo-C-O bond
angles shows only small differences between the three complexes, with complex 3 having the
most bent carbonyls (i.e. the angles deviate the most from 180°). Comparison of complex 1
to complex 2 reveals that in the latter, the angles between the carbonyls and the methyl group
are smaller than the angles between the carbonyl ligands, whereas in complex 1, all angles
between the three carbonyls and the CF3 group are nearly constant.
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Table 6.5 Comparison of selected bond lengths (Å) and angles (degrees) of the tricarbonyl complexes (the atom
annotation is done as shown in Figure 6.3).

[CpMo(CO)3CF3] [CpMo(CO)3CH3]10 [CpMo(CO)3Cl]22

1 2 3
Bond length
Mo-C1 2.003(3) 1.984(4) 2.014(2)
Mo-C2 2.015(3) 1.997(4) 1.980(2)
Mo-C3 2.001(3) 1.993(4) 2.008(2)
Mo-R 2.234(3) 2.326(3) 2.503(6)
C1-O1 1.145(4) 1.144(4) 1.138(3)
C2-O2 1.137(3) 1.139(5) 1.145(3)
C3-O3 1.143(3) 1.131(4) 1.136(3)
Bond angle
C1-Mo-C2 76.80(11) 78.09(17) 78.15(10)
C2-Mo-C3 76.11(11) 78.87(15) 75.80(10)
R-Mo-C1 76.45(10) 72.39(13) 78.15(7)
R-Mo-C3 75.99(10) 72.41(17) 77.86(7)
Mo-C1-O1 176.9(2) 178.9(4) 176.8(2)
Mo-C2-O2 177.6(2) 178.9(4) 177.9(2)
Mo-C3-O3 178.4(2) 177.0(3) 177.9(2)

Mo
C1

C2 C3

R

O1

O2 O3

Mo
O1

O2 O3

R

Figure 6.3 Drawings of the tricarbonyl (left) and oxo peroxo (right) complexes (R = CF3, CH3, Cl) with the
atom numbering used in Tables 6.5 and 6.6.

Comparison of the crystal structures of [CpMo(O2)(O)CF3] and [CpMo(O2)(O)CH3]

By treatment of the tricarbonyl complexes with excess TBHP, the carbonyl ligands are dis-
placed by, in case of R = CH3, CF3, an oxo and a η2-peroxo group. The solid state structure
of [CpMo(O2)(O)CH3] being known for some time,11 it has now been possible to isolate and
crystallise its fluorinated counterpart (see Figure 6.4). Therefore, we attempted to draw some
explanations from the comparison of the bond lengths and angles of the two complexes, sum-
marised in Table 6.6. In fact, catalysis experiments performed with cyclooctene as substrate
and TBHP as oxidant at room temperature revealed the higher activity of the fluorinated oxo
peroxo complex (see Chapter 4).
It is noteworthy that the Mo-oxo bond is shorter in the fluorinated complex than in the methyl-
containing derivative, and that the inverse situation exists for the two bonds through which the
peroxo group is connected to the molybdenum centre. Apparently, the enhanced Lewis acid-
ity of the Mo-core of the CF3 derivative causes a elongation of the Mo-peroxo bonds, that
can thus be broken more easily to form the catalytically active species in presence of excess
oxidant. Furthermore, the bond angles between the oxygen atoms are substantially larger in
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[CpMo(O2)(O)CF3], probably facilitating the coordination of the organic peroxide and con-
sequently enabling a better catalytic performance.

Figure 6.4 Ortep drawing of the solid-state structure of [CpMo(O2)(O)CF3]. The thermal ellipsoids are shown
at the 50% probability level.

Table 6.6 Comparison of selected bond lengths (Å) and angles (degrees) of two oxo peroxo derivatives (the atom
annotation is done as shown in Figure 6.3).

[CpMo(O2)(O)CF3] [CpMo(O2)(O)CH3]11

Bond length
Mo-O1 1.922(2) 1.840(9)
Mo-O2 1.933(2) 1.857(7)
Mo-O3 1.689(2) 1.728(6)
O1-O2 1.440(3) 1.271(14)
Mo-R 2.197(3) 2.168(7)
Bond angle
O1-Mo-O2 43.88(9) 40.2(4)
O2-Mo-O3 108.15(10) 104.9(4)
R-Mo-O1 76.86(10) 80.2(4)
R-Mo-O3 93.85(12) 97.4(3)

6.3 Conclusion

Although the slow reactivity of [CpMo(CO)3CF3] with TBHP has not been fully explained,
this study allowed the complete assignment of the frequencies of the title complexes. The
determination of the force fields, obtained by NCA from the experimental spectra was suc-
cessfully carried out and permitted a profound discussion of the frequency assignments and
regularities in molecular parameters (bond lengths, force constants) as a function of the lig-
and R involved. Additionally, the resolution of the single crystal structure of the fluorinated
tricarbonyl complex provided an insight in the structural differences compared to the other
studied complexes, and suggested small sterical factors that influence the different reactivity.
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The same counts for the oxidised complexes [CpMo(O2)(O)CF3] and [CpMo(O2)(O)CH3]:
the better performance in olefin epoxidation of the former, fluorinated complex is, on the one
hand, due to the enhanced Lewis acidity of the metal centre, and, on the other hand, due to the
slight differences in geometry. Comparison of the crystal structures indicates an elongation of
the Mo-O bonds of the peroxo ligand in [CpMo(O2)(O)CF3], thus facilitating the breaking of
one of the two bonds to form the catalytically active species in presence of excess oxidant.

6.4 Experimental Section

The tricarbonyl complexes [CpMo(CO)3R] were synthesised according to published proce-
dures (R = CF3,7 CH3/CD3,23 Cl24).
Mid-IR (350-4000 cm−1, 32 scans, resolution 4 cm−1) absorption spectra were recorded
in an N2 purged atmosphere using dynamically aligned Varian Scimitar-2000, and Varian
IR-670 spectrometers. Far-IR spectra (700-40 cm−1, 128 scans, resolution 4 cm−1) were
recorded with a dedicated Bio-Rad FTS-40 spectrometer equipped with wire-mesh beam split-
ter, polyethylene-windowed deuterated triglycine sulfate (DTGS) detector, and high-pressure
mercury lamp as source.
IR spectra were recorded with a Golden Gate or GladiATR micro attenuated total reflectance
(ATR) accessory equipped with a diamond ATR element. Some of the far-IR spectra were
obtained also with a GladiATR attachment or in transmittance mode in polyethylene pellet.
Raman spectra (50-4000 cm−1, 256 scans, resolution 4 cm−1) were excited with a Spectra-
Physics Nd-YAG-laser (1,024 nm) and recorded by means of a dedicated Bio-Rad FT-Raman
spectrometer equipped with a liquid N2-cooled Ge detector. The laser power at sample posi-
tion was about 100-200 mW.
Single crystals of [CpMo(CO)3CF3] suitable for XRD-analysis were obtained by slow subli-
mation in vacuum (10−3 mbar) at 60 °C; single crystals of [CpMo(O2)(O)CF3] were grown
from a diethyl ether solution with slow hexane diffusion at -30 °C.

Single-crystal X-ray structure determinations

[CpMo(CO)3CF3]: yellow needle, C9H5F3MoO3, Mr = 314.07, preliminary structural data
(bond lengths and angles) were retrieved from the crystal coordinate file (.res).
[CpMo(O2)(O)CF3]: yellow fragment, C6H5F3MoO3, Mr = 278.04, monoclinic, space group
C2/c (No. 15), a = 20.5911(3) Å, b = 6.9325(1) Å, c = 12.3919(2) Å, β = 117.372(1)°, V =
1570.87(4) Å3, Z = 8, λ(Mo Kα) = 0.71073 Å, µ = 1.693 mm−1, ρcalcd = 2.351 g cm−3, T
= 123(1) K, F(000) = 1072, Θmax = 25.4°, R1 = 0.0194 (1266 observed data), wR2 = 0.0448
(all 1266 data), GOF = 1.04, 118 parameters, ∆ρmax/min = 0.60/-0.30 e Å−3.
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7 Summary

Catalytic epoxidation of olefins, particularly in homogeneous phase, are among the best
studied reactions in molecular transition metal catalysis. This thesis aimed at the experi-
mental investigation of two catalytic transition-metal systems, namely organorhenium and
organomolybdenum complexes.
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7.1 Methyltrioxorhenium

A series of chromophoric Lewis base adducts of methyltrioxorhenium (MTO) was synthe-
sised and fully characterised by UV-Vis, IR and NMR spectroscopy, single crystal X-ray
diffraction and elemental analysis (Scheme 7.1). The ligands were pyridine derivatives with
different sizes of the aromatic system and variable substituents, thus providing a variation of
electronic and steric parameters. The investigation of these novel compounds included the de-
termination of their stability constants in dichloromethane by means of UV-Vis spectroscopy.
Furthermore, the influence of the N-donor ligands coordinated to MTO on the catalytic activ-
ity of epoxidation of 1-octene was studied. Each compound was tested twice; in a catalytic
reaction under exclusion of light and in daylight. No significant differences in catalytic per-
formance were found. Finally, the behaviour of the complexes under irradiation with UV-light
was investigated by means of 17O NMR and UV-Vis spectroscopy.

Scheme 7.1 Adduct formation of MTO with pyridine derivatives in solution (Keq = stability constant).

The herein presented experiments aimed for probing potential beneficial effects of chro-
mophoric N-donor ligands in MTO adducts, as they might activate the catalytic system by
providing additional energy for weakening bonds that have to be broken during the catalytic
cycle. With respect to the benchmark ligand tert-butylpyridine, however, the presented lig-
ands do not show any advantages in the epoxidation of 1-octene, whether performed under
exclusion of light or in daylight. Moreover, the chromophoric ligands do not influence the
stability of the adducts under UV irradiation. Complex decomposition occurs through the
reported pathway, as formation of the perrhenate anion was already observable after a short
irradiation time with UV-light.

7.2 Molybdenum complexes

Monomeric organomolybdenum carbonyl complexes of the general formula [η5-(C5R5)Mo
(CO)3X] (R = H, CH3, CH2Ph; X = alkyl, halide) are known pre-catalysts to be applied in
olefin epoxidation (Figure 7.1).
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Figure 7.1 Drawing of the monomeric organomolybdenum complex with R = H, CH3, CH2Ph and X = alkyl,
halide.

In this work, the application of a fluorinated complex, [CpMo(CO)3CF3] (Cp = η5-C5H5),
is reported. With benzene as the solvent, the performance of [CpMo(CO)3CF3] in the catalytic
epoxidation of cyclooctene does not surpass the performances of known analogous complexes
(R = CH3, Cl) in homogeneous epoxidation of cyclooctene. However, in a reaction medium
that activates the oxidant, such as hexafluoroisopropanol, the activity of the fluorinated cat-
alyst outperforms [CpMo(CO)3CH3]; in fact, a TOF of > 6300 h−1 was achieved in the
epoxidation of cyclooctene. Taking into account that the herein reported catalytic reactions
were all performed at room temperature, this represents the highest TOF for pre-catalysts of
the general formula [CpMo(CO)3X] (X = alkyl, halide). So far, only the ansa compounds
[Mo(η5-C5H4(CH(CH2)n)-η1-CH)(CO)3] show better performances in catalytic epoxidation
of cyclooctene at room temperature. [CpMo(CO)3CF3] was also applied in 2-phase catalytic
epoxidation reactions. The high stability of the oxidised species allows catalyst recycling for
multiple catalytic runs without significant loss of activity.
The kinetic data of homogeneous olefin epoxidation was assessed for three additional mononu-
clear complexes ([Cp*Mo(CO)3CH3], [Cp*Mo(CO)3Cl], and [CpMo(CO)3Cl]), in order to
complete the series of five pre-catalysts. Their turn-over frequencies (TOF) vary with the cy-
clopentadienyl substituent (η5-C5H5 or η5-C5(CH3)5), but, more importantly, with the ligand
X. It was found that the Cp moiety is more favourable than Cp*, because of the larger steric
bulk of the methyl groups on the Cp*, and that the catalytic performance of the pre-catalysts
decreases in the order of Cl > CH3 > CF3. This is more difficult to explain, as the shielding of
the [CpMo(CO)3]+ core increases in the order Cl < CF3 < CH3 (determined by 95Mo NMR
spectroscopy). It is, however, noteworthy that the formation of the catalytically active species
of the CF3 derivative, i.e. the decarbonylation of the precursor, is significantly slower than
in the case of X = CH3 and Cl, what influences the performance in olefin epoxidation. That
is the reason why further investigations on vibrational and structural properties of the three
molybdenum cyclopentadienyl tricarbonyl complexes (Figure 7.1, R = H, X = CH3, CF3,
Cl) were carried out. The main goals of this study were to examine the influence of the X
group on the spectral features and on the bond force constants, in order to elucidate the differ-
ences in reactivity in presence of an organic oxidant (tert-butyl hydroperoxide) as mentioned
above. FT-IR, FT-FIR and FT-Raman spectra were recorded and a complete assignment of the
[CpMo(CO)3X] vibrations was proposed. Furthermore, the characteristics of the solid-state
structures were compared, as it was possible to solve the only missing single crystal analysis
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of the series, [CpMo(CO)3CF3]. Additionally, the solution of the solid-state structure of the
oxidised derivative [CpMo(O2)(O)CF3] allowed comparison with its CH3 analogue. Both are
supposed to be intermediates in the catalytic olefin epoxidation with tert-butyl hydroperoxide,
thus, structural features provided further insight into their reactivity towards oxygen transfer
reactions, supplementary to 19F NMR studies and DFT-calculations (Scheme 7.2).

Scheme 7.2 Oxidation of [CpMo(CO)3CF3] (1) with excess TBHP yields [CpMo(η2-O2)(O)CF3] (2)
and [CpMo(η2-OOH)(O)(σ-O2

tBu)CF3] (3), [CpMo(σ-O2H)(O)(σ-O2
tBu)CF3] (4) or [CpMo(η2-O2)(OH)(σ-

O2
tBu)CF3] (5).
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8 Appendix A

This section contains supplementary information to Chapter 3:
Chromophoric Lewis Base Adducts of Methyltrioxorhenium: Synthesis, Catalysis and Photo-
chemistry
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Ligand characterisation

4-Styrylpyridine (1): Yield 314 mg (70 %). 1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.51
[d, J(H,H) = 4.8 Hz, 2 H, NC2H2C2H2C-], 7.48 [d, J(H,H) = 7.4 Hz, 2 H, -CC2H2C2H2CH],
7.35-7.24 [m, 4 H, NC2H2C2H2C-CHCH-CC2H2C2H2CH], 7.21 [d, J(H,H) = 9.8 Hz, 2 H,
-CC2H2C2H2CH], 6.96 [d, J(H,H) = 15.9 Hz, 1 H, Pyr-CHCH-Ph] ppm. 13C NMR (100.6
MHz, CDCl3, 25 °C): δ = 150.2 (2 C), 144.6 (2 C), 136.2 (1 C), 133.2 (1 C), 128.8 (2 C),
128.7 (2 C), 127.0 (1 C), 126.0 (2 C), 120.8 (1 C) ppm.
4-[2-(4-Methylphenyl)ethenyl]pyridine (2): Yield 386 mg (80 %). 1H NMR (400 MHz,
CDCl3, 25 °C): δ = 8.55 [d, J(H,H) = 6.0 Hz, 2H, NC2H2C2H2C-], 7.43 [d, J(H,H) = 8.0 Hz, 2
H, NC2H2C2H2C-], 7.34 [d, J(H,H) = 6.0 Hz, 2 H, -CC2H2C2H2CCH3], 7.27 [d, J(H,H) = 13.6
Hz, 1 H, -PhCHCHPyr-], 7.18 [d, J(H,H) = 7.6 Hz, 2 H, -CC2H2C2H2CCH3], 6.95 [d, J(H,H)

= 16.0 Hz, 1 H, -PhCHCHPyr-], 2.37 [s, 3 H, -CC2H2C2H2CCH3] ppm. 13C NMR (100.6
MHz, CDCl3, 25 °C): δ = 150.2 [1 C, NC2H2C2H2C-], 144.8 [2 C, NC2H2C2H2C-], 138.9
[1 C, -CC2H2C2H2CCH3], 133.4 [1 C, -CC2H2C2H2CCH3], 133.1 [1 C, -PhCHCHPyr-],
129.5 [2 C, -CC2H2C2H2CCH3], 126.9 [2 C, -CC2H2C2H2CCH3], 124.9 [1C, -PhCHCHPyr-
], 120.8 [2 C, NC2H2C2H2C-], 21.3 [1 C, -PhCH3] ppm.
4-[2-(4-Bromophenyl)ethenyl]pyridine (3): Yield 503 mg (78 %). 1H NMR (400 MHz,
CDCl3, 25 °C): δ = 8.58 [d, J(H,H) = 6.0Hz, 2 H, NC2H2C2H2C-], 7.50 [d, J(H,H) = 8.4 Hz,
2 H, -CC2H2C2H2CBr], 7.38 [d, J(H,H) = 8.4 Hz, 2 H, -CC2H2C2H2CBr], 7.34 [d, J(H,H)

= 5.2 Hz, 2 H, NC2H2C2H2C-], 7.22 [d, J(H,H) = 16.4 Hz, 1 H, PyrCHCH-], 6.98 [d, J(H,H)

= 16.4 Hz, 1 H, PyrCHCH-] ppm. 13C NMR (100.6 MHz, CDCl3, 25 °C): δ = 150.30 (2 C,
NC2H2C2H2C-), 144.23 (1 C, NC2H2C2H2C-), 135.13 (1 C, -CC2H2C2H2CBr), 132.02 (2 C,
-CC2H2C2H2CBr), 131.87 (1 C, PyrCHCH-), 128.44 (2 C, -CC2H2C2H2CBr), 126.76 (1 C,
PyrCHCH-), 122.68 (1 C, -CC2H2C2H2CBr), 120.85 (2 C, NC2H2C2H2C-) ppm.
4-[2-(Biphenyl)ethenyl]pyridine (4): Yield 980 mg (83 %). 1H NMR (400 MHz, CDCl3, 25
°C): δ = 8.59 [d, J(H,H) = 8.0 Hz, 2 H, NC2H2C2H2C-], 7.63 (m, 7 H, -CC2H2C2H2C−CC2H2

C2H2CH), 7.46 [t, J(H,H) = 8.0 Hz, 2 H, -CC2H2C2H2CH], 7.39 (m, 2 H, NC2H2C2H2C-),
7.35 [d, J(H,H) = 16.0 Hz, 1 H, Pyr-CHCH-Ph-Ph], 7.06 [d, J(H,H) = 16.0 Hz, 1 H, Pyr-CHCH-
Ph-Ph] ppm. 13C NMR (100.6 MHz, CDCl3, 25 °C): δ = 150.20 (2 C, NC2H2C2H2C-), 144.62
(1 C, NC2H2C2H2C-), 141.51 (1 C, -CC2H2C2H2CH), 140.38 (1 C, -CC2H2C2H2C−CC2H2

C2H2CH), 135.16 (1 C, -CC2H2C2H2C-CC2H2C2H2CH), 132.71 (1 C, Pyr-CHCH-Ph-Ph),
128.85 (2 C, -CC2H2C2H2CH), 127.58 (1 C, -CC2H2C2H2CH), 127.47 (4 C, -CC2H2C2H2C-
CC2H2C2H2CH), 126.95 (2 C, -CC2H2C2H2C-CC2H2C2H2CH), 125.99 (1 C, Pyr- CHCH-
Ph-Ph), 120.83 (2 C, NC2H2C2H2C-) ppm.
4-[2-(4-Anthracenylphenyl)ethenyl]pyridine (5): Yield 880 mg (65 %). 1H NMR (400
MHz, CDCl3, 25 °C): δ = 8.63 [d, J(H,H) = 4.9 Hz, 2 H], 8.52 (s, 1 H), 8.06 [d, J(H,H) = 8.6
Hz, 2 H], 7.77 [d, 3J(H,H) = 8.6 Hz, 2 H], 7.69 [d, J(H,H) = 8.6 Hz, 2 H], 7.47 [t, J(H,H) =
8.6, 7.4 Hz, 7 H], 7.37 [t, 3J(H,H) = 7.4, 7.4 Hz, 2 H], 7.18 [d, J(H,H) = 15.9 Hz, 1 H] ppm.

96



13C NMR (100.6 MHz, CDCl3, 25 °C): δ = 150.2 (2 C), 144.7 (1 C), 139.5 (1 C), 136.3 (1
C), 135.4 (1 C), 132.9 (1 C), 131.8 (2 C), 131.4 (2 C), 130.1 (2 C), 128.4 (1 C), 127.0 (3 C),
126.8 (1 C), 126.6 (2 C), 126.3 (2 C), 125.5 (1 C), 125.1 (2 C), 120.9 (2 C) ppm.
4-Tolylpyridine (6): Yield 193 mg (60 %). 1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.63
[d, J(H,H) = 5.4 Hz, 2 H, NC2H2C2H2C-], 7.53 [d, J(H,H) = 8.0 Hz, 2 H, NC2H2C2H2C-
], 7.48 [d, J(H,H) = 6.0Hz, 2 H, -CC2H2C2H2CCH3], 7.28 [d, J(H,H) = 8.0 Hz, 2 H, -
CC2H2C2H2CCH3], 2.40 [s, 3 H, -PhCH3] ppm. 13C NMR (100.6 MHz, CDCl3, 25 °C): δ =
150.2 [2 C, NC2H2C2H2C-], 148.2 [1 C, NC2H2C2H2C-], 139.2 [1 C, -CC2H2C2H2C(CH3)],
135.2 [1 C, -CC2H2C2H2C(CH3)], 129.8 [2 C, -CC2H2C2H2C(CH3)], 126.8 [2 C, -CC2H2C2

H2C(CH3)], 121.4 [2 C, NC2H2C2H2C-], 21.2 [1 C, -PhCH3] ppm.
4-(3,5-Dimethylphenyl)pyridine (7): Yield 450 mg (66 %). 1H NMR (400 MHz, CDCl3,
25 °C): δ = 8.65 [d, J(H,H) = 6.8 Hz, 2 H, NC2H2C2H2C-], 7.50 [d, J(H,H) = 6.8 Hz, 2 H,
NC2H2C2H2C-], 7.27 [s, 2 H, -CC2H2C2(CH3)2CH], 7.10 [s, 1 H, -CC2H2C2(CH3)2CH],
2.41 [s, 6 H, -CC2H2C2(CH3)2CH] ppm. 13C NMR (100.6 MHz, CDCl3, 25 °C): δ = 150.15
[2 C, NC2H2C2H2C-], 148.65 [1 C, NC2H2C2H2C-], 138.71 [2 C, -CC2H2C2(CH3)2CH],
138.18 [1 C, -CC2H2C2(CH3)2CH], 130.67 [1 C, -CC2H2C2(CH3)2CH], 124.86 [2 C, -CC2H2

C2(CH3)2CH], 121.69 [2 C, NC2H2C2H2C-], 21.36 [2 C, -CC2H2C2(CH3)2CH] ppm.

Complex characterisation

Methyl(4-styrylpyridine)trioxorhenium (8): Yield 58 mg (76 %). 1H NMR (400 MHz,
CDCl3, 25 °C): δ = 8.29 [d, J(H,H) = 6.2 Hz, 2 H, NC2H2C2H2C-], 7.54 [d, J(H,H) = 7.4 Hz,
2 H, -CC2H2C2H2CH], 7.45 (m, 6 H, NC2H2C2H2C-CHCHCC2H2C2H2CH), 7.01 [d, J(H,H)

= 17.2 Hz, 1 H, Pyr-CHCH-Ph], 2.03 (s, 3 H, -ReCH3) ppm. 13C NMR (100.6 MHz, CDCl3,
25 °C): δ = 147.2 (2 C), 135.6 (2 C), 135.5 (1 C), 129.3 (1 C), 128.9 (2 C), 127.3 (2 C), 124.7
(1 C), 121.9 (2 C), 24.7 (1 C) ppm. IR (KBr): ν̃ = 1605 (vs), 1499 (w), 1449 (w), 1428 (w),
1384 (w), 1013 (m), 971 (m), 961 (w), 934 (vs), 927 (vs), 877 (w), 818 (m), 559 (w), 548 (m)
cm−1. C14H14NO3Re (430.47): calcd. C 39.06, H 3.28, N 3.25; found C 39.56, H 3.31, N
3.34.
Methyl{4-[2-(4-Methylphenyl)ethenyl]pyridine}trioxorhenium (9): Yield 53 mg (72 %).
1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.20 [d, J(H,H) = 5.4 Hz, 2 H, NC2H2C2H2C-], 7.42
(m, 4 H, NC2H2C2H2C-, -CC2H2C2H2CCH3), 7.30 [d, J(H,H) = 16.2 Hz, 1 H, -PhCHCHPyr-
], 7.20 [d, J(H,H) = 7.9 Hz, 2 H, -CC2H2C2H2CCH3], 6.93 [d, J(H,H) = 16.2 Hz, 1 H, -
PhCHCHPyr-], 2.37 (s, 3 H, -PhCH3), 1.92 (s, 3 H, -ReCH3) ppm. 13C NMR (100.6 MHz,
CDCl3, 25 °C): δ = 147.94 (1 C, NC2H2C2H2C-), 147.06 (2 C, NC2H2C2H2C-), 139.66 (1 C,
-CC2H2C2H2CCH3), 135.48 (1 C, -CC2H2C2H2CCH3), 132.76 (1 C, -PhCHCHPyr-), 129.65
(2 C, -CC2H2C2H2CCH3), 127.23 (2 C, -CC2H2C2H2CCH3), 123.52 (1 C, -PhCHCHPyr-),
121.85 (2 C, NC2H2C2H2C-), 25.08 (1 C, -ReCH3), 21.36 (1 C, -PhCH3) ppm. IR (KBr): ν̃

= 3434 (w), 3025 (w), 1636 (m), 1602 (vs), 1514 (m), 1428 (m), 1384 (w), 1210 (w), 1183
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(w), 1013 (s), 975 (m), 936 (vs), 926 (vs), 826 (s), 736 (w), 706 (w), 624 (m), 547 (s), 502
(m) cm−1. C15H16NO3Re (444.50): calcd. C 40.53, H 3.63, N 3.15; found C 38.55, H 3.33,
N 3.16.
{4-[2-(4-Bromophenyl)ethenyl]pyridine}methyltrioxorhenium (10): Yield 68 mg (79 %).
1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.26 [d, J(H,H) = 6.2 Hz, 2 H, NC2H2C2H2C-], 7.52
[d, J(H,H) = 8.3 Hz, 2 H, -CC2H2C2H2CBr], 7.41 (m, 4 H, NC2H2C2H2C-, -CC2H2C2H2CBr),
7.25 [d, J(H,H) = 16.4 Hz, 1 H, Pyr-CHCH-], 6.98 [d, J(H,H) = 16.2 Hz, 1 H, Pyr-CHCH-],
1.96 (s, 3 H, -ReCH3) ppm. 13C NMR (100.6 MHz, CDCl3, 25 °C): δ = 147.3 (2 C), 147.0 (1
C), 134.5 (1 C), 134.1 (1 C), 132.1 (3 C), 128.7 (2 C), 125.4 (1 C), 123.5 (1 C), 122.0 (1 C),
24.0 (1 C) ppm. IR (KBr): ν̃ = 3466 (w), 3048 (w), 2973 (w), 1895 (w), 1773 (w), 1637 (m),
1610 (vs), 1586 (s), 1497 (m), 1483 (m), 1428 (s), 1393 (m), 1385 (m), 1209 (m), 1070 (vs),
1017 (vs), 1008 (s), 975 (s), 970 (s), 928 (vs), 883 (m), 875 (m), 829 (vs), 738 (w), 674 (w),
583 (m), 557 (s), 542 (s). 496 (w) cm−1. C14H13BrNO3Re (509.37): calcd. C 33.01, H 2.57,
N 2.75; found C 32.88, H 2.53, N 2.78.
{4-[2-(Biphenyl)ethenyl]pyridine}methyltrioxorhenium (11): Yield 69 mg (80 %). 1H
NMR (400 MHz, CDCl3, 25 °C): δ = 8.34 [d, J(H,H) = 6.2 Hz, 2 H, NC2H2C2H2C-], 7.62 (m,
6 H, -CC2H2C2H2C-CC2H2C2H2CH), 7.47-7.37 (m, 5 H, NC2H2C2H2C-, -CC2H2C2H2CH),
7.36 [d, J(H,H) = 16.2 Hz, 1 H, Pyr-CHCH-Ph-Ph], 7.04 [d, J(H,H) = 16.2 Hz, 1 H, Pyr-
CHCHPh- Ph], 2.13 (s, 3 H, -ReCH3) ppm. 13C NMR (100.6 MHz, CDCl3, 25 °C): δ = 147.7
(2 C), 147.0 (1 C), 142.0 (1 C), 140.2 (1 C), 140.2 (1 C), 134.6 (2 C), 128.9 (2 C), 127.7 (2
C), 127.6 (2 C), 127.0 (2 C), 124.8 (1 C), 121.7 (2 C), 24.4 (1 C) ppm. IR (KBr): ν̃ = 344
(w), 3032 (w), 1600 (s), 1487 (m), 1426 (m), 1204 (w), 1195 (w),1015 (m), 976 (m), 934
(vs), 927 (vs), 879 (w), 836 (m), 765 (m), 737 (w), 690 (m), 638 (w), 561 (m), 529 (w) cm−1.
C20H18NO3Re (506.57): calcd. C 47.40, H 3.58, N 2.77; found C 47.33, H 3.58, N 2.77.
{4-[2-(4-Anthracenylphenyl)ethenyl]pyridine}methyltrioxorhenium (12): Yield 87 mg
(84 %). 1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.51 (s, 1 H), 8.33 [d, J(H,H) = 6.2 Hz,
2 H], 8.05 [d, J(H,H) = 8.3 Hz, 2 H], 7.76 [d, J(H,H) = 8.3 Hz, 2 H], 7.67 [d, J(H,H) = 8.7 Hz,
2 H], 7.47 (m, 7 H), 7.35 [m, J(H,H) = 15.6 Hz, 2 H], 7.15 [d, J(H,H) = 16.2 Hz, 1 H], 2.00
(s, 3 H, -ReCH3) ppm. 13C NMR (100.6 MHz, CDCl3, 25 °C): δ = 148.2 (2 C), 146.7 (1 C),
140.0 (1 C), 136.1 (1 C), 135.0 (1 C), 134.6 (1 C), 132.0 (2 C), 131.4 (2 C), 130.1 (2 C), 128.4
(1 C), 127.2 (3 C), 126.9 (1 C), 126.5 (2 C), 125.6 (2 C), 125.4 (1 C), 125.2 (2 C), 121.7 (2
C), 24.9 (1 C, -ReCH3) ppm. IR (KBr): ν̃ = 3434 (w), 3050 (w), 1607 (s), 1592 (m), 1443
(w), 1426 (m), 1412 (w), 1384 (m), 1066 (w), 1015 (m), 969 (w), 931 (vs), 881 (m), 827 (m),
790 (w), 735 (s), 653 (w), 635 (w), 613 (m), 568 (w), 554 (m) cm-̂1. 541 (m), 422 (w) cm−1.
C28H22NO3Re (606.69): calcd. C 55.41, H 3.66, N 2.31; found C 55.80, H 3.72, N 2.24.
Methyl(4-tolylpyridine)trioxorhenium (13): Yield 67 mg (97 %). 1H NMR (400 MHz,
CDCl3, 25 °C): δ = 8.31 [d, J(H,H) = 6.2 Hz, 2 H, NC2H2C2H2C-], 7.56 [d, J(H,H) = 6.2 Hz, 2
H, NC2H2C2H2C-], 7.52 [d, J(H,H) = 7.9 Hz, 2 H, -CC2H2C2H2CCH3], 7.30 [d, J(H,H) = 7.5
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Hz, 2 H, -CC2H2C2H2CCH3], 2.41 (s, 3 H, -PhCH3), 1.97 (s, 3 H, -ReCH3) ppm. 13C NMR
(100.6 MHz, CDCl3, 25 °C): δ = 151.1 (1 C), 147.1 (2 C), 140.3 (1 C), 133.8 (1 C), 130.0 (2
C), 126.9 (2 C), 122.5 (2 C), 24.8 (1 C, -ReCH3), 21.2 (1 C, Ph-CH3) ppm. IR (KBr): ν̃ =
33445 (m), 2925 (w), 1610 (s), 492 (m), 1384 (m), 1262 (w), 1227 (w), 12211 (w), 1073 (m),
1037 (w), 1010 (m), 934 (vs), 927 (vs), 854 (w), 811 (s), 721 (m), 559 (m), 498 (m) cm−1.
C13H14NO3Re (418.46): calcd. C 37.31, H 3.37, N 3.35; found C 37.05, H 3.41, N 3.34.
[4-(3,5-Dimethylphenyl)pyridine]methyltrioxorhenium (14): Yield 106 mg (70 %). 1H
NMR (400 MHz, CDCl3, 25 °C): δ = 8.32 [d, J(H,H) = 6.4 Hz, 2 H, NC2H2C2H2C-], 7.56
[d, J(H,H) = 6.6 Hz, 2 H, NC2H2C2H2C-], 7.21 [s, 2 H, -CC2H2C2(CH3)2CH], 7.11 [s, 1 H,
-CC2H2C2(CH3)2CH], 2.39 [s, 6 H, -CC2H2C2(CH3)2CH], 1.98 (s, 3 H, -ReCH3) ppm. 13C
NMR (100.6 MHz, CDCl3, 25 °C): δ = 151.4 (1 C), 147.2 (2 C), 139.0 (2 C), 136.8 (1 C),
131.5 (1 C), 125.0 (2 C), 122.8 (2 C), 24.4 (1 C), 21.3 (2 C) ppm. IR (KBr): ν̃ = 3434 (w),
2916 (w), 1613 (vs), 1551 (w), 1507 (w), 1408 (w), 1385 (w), 1232 (w), 1073 (m), 1021
(m), 931 (vs), 828 (s), 664 (m), 589 (m), 561 (m), 434 (w), 418 (w) cm−1. C14H16NO3Re
(432.49): calcd. C 38.88, H 3.73, N 3.24; found C 38.88, H 3.73, N 3.24.
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Curve fittings to Eq. (2) or (3) 

 
Figure S1. Curve fittings on experimental data for determination of the value of the formation constant. 

 

 

 

Crystal Structure Determinations 

Compound 5 

50% ellipsoids 

 

Operator: *** Herdtweck *** 

Molecular Formula: C27 H19 N 

Crystal Color / Shape Colorless fragment 

Crystal Size Approximate size of crystal fragment used for data collection: 0.51 ! 0.56 ! 0.64  mm 

Molecular Weight: 357.43 a.m.u. 

F000:  752 

Systematic Absences: hkl: h+k!2n;  h0l: l!2n 

Space Group: Monoclinic C c (I.T.-No.: 9) 

Cell Constants: Least-squares refinement of 9969 reflections with the programs "APEX suite" and "SAINT" [1,2]; theta range 2.38° < ! < 25.34°; 

Mo(K!
); " = 71.073 pm 

 a = 1499.71(6) pm 

 b = 1094.97(4) pm # = 114.048(2)° 

 c = 1241.75(5) pm 

 V = 1862.14(13)· 106 pm3; Z = 4; Dcalc = 1.275 g cm-3; Mos. = 0.69 

Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating anode; graphite monochromator; 50 kV; 40 mA; " = 71.073 pm; 

Mo(K!
) 

Temperature: (-100±1) °C; (173±1) K 

Measurement Range: 2.38° < ! < 25.34°;  h: -18/18,  k: -13/13,  l:  -14/14 

Measurement Time: 2 ! 2.50 s per film 

Measurement Mode: measured: 10 runs; 4003 films / scaled: 10 runs; 4003 films 

 $# and %#movement; Increment: &$/&% = 0.50°; dx = 35.0 mm 

LP - Correction: Yes [2] 

Intensity Correction No/Yes; during scaling [2] 

Absorption Correction: Multi-scan; during scaling; µ = 0.073 mm-1 [2] 

 Correction Factors: Tmin = 0.6442 Tmax = 0.7452 

Reflection Data: 33953 reflections were integrated and scaled 

 1043 reflections systematic absent and rejected  

 32910 reflections to be merged 

 3397 independent reflections 

 0.023 Rint: (basis Fo
2) 

 3397 independent reflections (all) were used in refinements 

 3360 independent reflections with Io > 2'(Io) 

 99.6 % completeness of the data set 

 329 parameter full-matrix refinement 

 10.3 reflections per parameter 

Solution: Direct Methods [3]; Difference Fourier syntheses 

Refinement Parameters: In the asymmetric unit: 

 28 Non-hydrogen atoms with anisotropic displacement parameters 

 19 Hydrogen atoms with isotropic displacement parameters 

Hydrogen Atoms: All hydrogen atom positions were found in the difference map calculated from the model containing all non-hydrogen atoms. The 

hydrogen positions were refined with individual isotropic displacement parameters. 
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Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = !2(Fo
2)+(a*P)2+b*P 

 with a: 0.0444; b: 0.4705; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 

Shift/Err: Less than 0.001 in the last cycle of refinement: 

Resid. Electron Density: +0.13 e
0;

-
 /Å

3; -0.12 e
0;

-
 /Å

3 

R1: "(||Fo|-|Fc||)/!|Fo| 
[Fo > 4!(Fo); N=3360]:  = 0.0255 
[all reflctns; N=3397]:  = 0.0258 
wR2: ["w(Fo

2-Fc
2)2/"w(Fo

2)2]1/2 
[Fo > 4!(Fo); N=3360]:  = 0.0709 
[all reflctns; N=3397]:  = 0.0713 
Goodness of fit: ["w(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.080 

Flack's Parameter : x = 0(2) 
Remarks: Refinement expression   "w(Fo

2-Fc
2)2 

 The correct enantiomere could not be proved by Flack's Parameter. 

 

 

Compound 8 

50% ellipsoids 
 

Operator: *** Herdtweck *** 
Molecular Formula: C14 H14 N O3 Re 
Crystal Color / Shape Yellow fragment 
Crystal Size Approximate size of crystal fragment used for data collection: 0.13 " 0.18 " 0.51  mm 
Molecular Weight: 430.47 a.m.u. 
F000:  408 
Systematic Absences: 0k0: k!2n 
Space Group: Monoclinic P 21 (I.T.-No.: 4) 
Cell Constants: Least-squares refinement of 9956 reflections with the programs "APEX suite" and "SAINT" [1,2]; theta range 1.95° < # < 25.39°; 

Mo(K!
); $ = 71.073 pm 

 a = 900.54(2) pm 
 b = 724.42(2) pm % = 109.3284(11)° 
 c = 1107.21(3) pm 
 V = 681.60(3)· 106 pm3; Z = 2; Dcalc = 2.098 g cm-3; Mos. = 0.72 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating anode; graphite monochromator; 50 kV; 40 mA; # = 71.073 pm; 

Mo(K!
) 

Temperature: (-150±1) °C; (123±1) K 
Measurement Range: 1.95° < # < 25.39°;  h: -10/10,  k: -7/7,  l:  -13/13 
Measurement Time: 2 " 5 s per film 
Measurement Mode: measured: 5 runs; 2663 films / scaled: 5 runs; 2663 films 
 &$ and '$movement; Increment: (&/(' = 0.50°; dx = 55.0 mm 
LP - Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi-scan; during scaling; µ = 8.916 mm-1 [2] 
 Correction Factors: Tmin = 0.4026 Tmax = 0.7452 
Reflection Data: 10807 reflections were integrated and scaled 
 1 obvious wrong intensity and rejected  
 10806 reflections to be merged 
 2281 independent reflections 
 0.059 Rint: (basis Fo

2) 
 2281 independent reflections (all) were used in refinements 
 2275 independent reflections with Io > 2!(Io) 
 91.0 % completeness of the data set 
 173 parameter full-matrix refinement 
 13.2 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 19 Non-hydrogen atoms with anisotropic displacement parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all non-hydrogen atoms, not all of the hydrogen positions could be 

determined from the highest peaks. For this reason, the hydrogen atoms were placed in calculated positions (dC-H = 95, 98 pm). 
Isotropic displacement parameters were calculated from the parent carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were 
included in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = !2(Fo
2)+(a*P)2+b*P 

 with a: 0.0375; b: 0.4316; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 

Shift/Err: Less than 0.001 in the last cycle of refinement: 
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Resid. Electron Density: +2.27 e
0;

-
 /Å

3; -2.57 e
0;

-
 /Å

3 

R1: !(||Fo|-|Fc||)/!|Fo| 
[Fo > 4"(Fo); N=2275]:  = 0.0259 
[all reflctns; N=2281]:  = 0.0259 
wR2: [!w(Fo

2-Fc
2)2/!w(Fo

2)2]1/2 
[Fo > 4"(Fo); N=2275]:  = 0.0648 
[all reflctns; N=2281]:  = 0.0648 
Goodness of fit: [!w(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.091 

Remarks: Refinement expression   !w(Fo
2-Fc

2)2 

 The correct enantiomere is proved by Flack's Parameter. 
 Twin refinement (twin operation: inversion) 
 BASF = 0.16(2) 

 

 

Compound 9 

50% ellipsoids 
 

Operator: *** Bechlars *** 
Molecular Formula: C15 H16 N O3 Re 
Crystal Color / Shape Yellow fragment 
Crystal Size Approximate size of crystal fragment used for data collection: 0.15 " 0.15 " 0.43  mm 
Molecular Weight: 444.49 a.m.u. 
F000:  848 
Systematic Absences: h0l: h+l!2n;  0k0: k!2n 
Space Group: Monoclinic P 21/n (I.T.-No.: 14) 
Cell Constants: a = 916.61(4) pm 
 b = 717.41(3) pm # = 97.795(2)° 
 c = 2237.72(9) pm 
 V = 1457.89(11)· 106 pm3; Z = 4 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating anode; graphite monochromator; 50 kV; 40 mA; # = 71.073 pm; 

Mo(K!
) 

Temperature: (-100±1) °C; (173±1) K 
Measurement Range: 1.84° < $ < 25.36°;  h: -11/11,  k: -8/8,  l:  -26/25 
Measurement Time: 2 " 5 s per film 
Measurement Mode: measured: 4 runs; 2355 films / scaled: 4 runs; 2355 films 
 %$ and &$movement; Increment: '%/'& = 0.50°; dx = 40.0 mm 
LP - Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi-scan; during scaling; µ = 8.341 mm-1 [2] 
 Correction Factors: Tmin = 0.1239 Tmax = 0.3676 
Reflection Data: 29722 reflections to be merged 
 2564 independent reflections 
 0.058 Rint: (basis Fo

2) 
 2564 independent reflections (all) were used in refinements 
 2423 independent reflections with Io > 2"(Io) 
 96.2 % completeness of the data set 
 183 parameter full-matrix refinement 
 14.0 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 20 Non-hydrogen atoms with anisotropic displacement parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all non-hydrogen atoms, not all of the hydrogen positions could be 

determined from the highest peaks. For this reason, the hydrogen atoms were placed in calculated positions (dC-H = 92, 98 pm). 
Isotropic displacement parameters were calculated from the parent carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were 
included in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = "2(Fo
2)+(a*P)2+b*P 

 with a: 0.0157; b: 8.4508; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 

Shift/Err: Less than 0.001 in the last cycle of refinement: 

Resid. Electron Density: +0.85 e
0;

-
 /Å

3; -1.54 e
0;

-
 /Å

3 

R1: !(||Fo|-|Fc||)/!|Fo| 
[Fo > 4"(Fo); N=2423]:  = 0.0289 
[all reflctns; N=2564]:  = 0.0307 
wR2: [!w(Fo

2-Fc
2)2/!w(Fo

2)2]1/2 
[Fo > 4"(Fo); N=2423]:  = 0.0671 
[all reflctns; N=2564]:  = 0.0680 
Goodness of fit: [!w(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.261 

Remarks: Refinement expression   !w(Fo
2-Fc

2)2 
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Compound 10 

50% ellipsoids 
 

Operator: *** Herdtweck *** 
Molecular Formula: C14 H13 Br N O3 Re 
Crystal Color / Shape Yellow fragment 
Crystal Size Approximate size of crystal fragment used for data collection: 0.05 ! 0.13 ! 0.53  mm 
Molecular Weight: 509.36 a.m.u. 
F000:  952 
Systematic Absences: none 

Space Group: Triclinic P 1  (I.T.-No.: 2) 
Cell Constants: Least-squares refinement of 9934 reflections with the programs "APEX suite" and "SAINT" [1,2]; theta range 1.31° < ! < 25.45°; 

Mo(K!
); " = 71.073 pm 

 a = 598.49(2) pm #  = 66.0608(15)° 
 b = 1591.31(6) pm $ = 85.8488(15)° 
 c = 1707.85(6) pm %  = 86.3720(14)° 
 V = 1481.68(9)· 106 pm3; Z = 4; Dcalc = 2.283 g cm-3; Mos. = 0.74 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating anode; graphite monochromator; 60 kV; 50 mA; " = 71.073 pm; 

Mo(K!
) 

Temperature: (-120±1) °C; (153±1) K 
Measurement Range: 1.31° < ! < 25.45°;  h: -6/6,  k: -19/19,  l:  -20/20 
Measurement Time: 2 ! 5 s per film 
Measurement Mode: measured: 4 runs; 1364 films / scaled: 4 runs; 1364 films 
 &# and '#movement; Increment: (&/(' = 0.50°; dx = 45.0 mm 
LP - Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi-scan; during scaling; µ = 10.903 mm-1 [2] 
 Correction Factors: Tmin = 0.3097 Tmax = 0.7452 
Reflection Data: 18921 reflections were integrated and scaled 
 18921 reflections to be merged 
 5188 independent reflections 
 0.042 Rint: (basis Fo

2) 
 5188 independent reflections (all) were used in refinements 
 4839 independent reflections with Io > 2)(Io) 
 94.7 % completeness of the data set 
 363 parameter full-matrix refinement 
 14.3 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 40 Non-hydrogen atoms with anisotropic displacement parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all non-hydrogen atoms, not all of the hydrogen positions could be 

determined from the highest peaks. For this reason, the hydrogen atoms were placed in calculated positions (dC-H = 95, 98 pm). 
Isotropic displacement parameters were calculated from the parent carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were 
included in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = )2(Fo
2)+(a*P)2+b*P 

 with a: 0.0444; b: 2.0405; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 

Shift/Err: Less than 0.002 in the last cycle of refinement: 

Resid. Electron Density: +2.13 e
0;

-
 /Å

3; -1.85 e
0;

-
 /Å

3 

R1: *(||Fo|-|Fc||)/$|Fo| 
[Fo > 4)(Fo); N=4839]:  = 0.0264 
[all reflctns; N=5188]:  = 0.0286 
wR2: [*w(Fo

2-Fc
2)2/*w(Fo

2)2]1/2 
[Fo > 4)(Fo); N=4839]:  = 0.0697 
[all reflctns; N=5188]:  = 0.0721 
Goodness of fit: [*w(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.048 

Remarks: Refinement expression   *w(Fo
2-Fc

2)2 
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Compound 11 

50% ellipsoids 
 
Operator: *** Herdtweck *** 
Molecular Formula: C20 H18 N O3 Re 
Crystal Color / Shape Yellow fragment 
Crystal Size Approximate size of crystal fragment used for data collection: 0.24 ! 0.35 ! 0.38  mm 
Molecular Weight: 506.56 a.m.u. 
F000:  976 
Systematic Absences: none 

Space Group: Triclinic P 1  (I.T.-No.: 2) 
Cell Constants: Least-squares refinement of 9813 reflections with the programs "APEX suite" and "SAINT" [1,2]; theta range 0.75° < ! < 25.37°; 

Mo(K!
); " = 71.073 pm 

 a = 572.88(3) pm #  = 82.715(3)° 
 b = 1145.64(6) pm $ = 89.200(2)° 
 c = 2741.20(14) pm %  = 77.895(2)° 
 V = 1744.74(16)· 106 pm3; Z = 4; Dcalc = 1.929 g cm-3; Mos. = 0.72 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating anode; graphite monochromator; 50 kV; 40 mA; " = 71.073 pm; 

Mo(K!
) 

Temperature: (-120±1) °C; (153±1) K 
Measurement Range: 0.75° < ! < 25.37°;  h: -6/6,  k: -13/13,  l:  -32/33 
Measurement Time: 2 ! 10 s per film 
Measurement Mode: measured: 9 runs; 4939 films / scaled: 9 runs; 4939 films 
 &# and '#movement; Increment: (&/(' = 0.50°; dx = 40.0 mm 
LP - Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi-scan; during scaling; µ = 6.983 mm-1 [2] 
 Correction Factors: Tmin = 0.5786 Tmax = 0.7452 
Reflection Data: 69973 reflections were integrated and scaled 
 69973 reflections to be merged 
 6039 independent reflections 
 0.070 Rint: (basis Fo

2) 
 6039 independent reflections (all) were used in refinements 
 5347 independent reflections with Io > 2)(Io) 
 94.5 % completeness of the data set 
 453 parameter full-matrix refinement 
 13.3 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 50 Non-hydrogen atoms with anisotropic displacement parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all non-hydrogen atoms, not all of the hydrogen positions could be 

determined from the highest peaks. For this reason, the hydrogen atoms were placed in calculated positions (dC-H = 95, 98 pm). 
Isotropic displacement parameters were calculated from the parent carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were 
included in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = )2(Fo
2)+(a*P)2+b*P 

 with a: 0.0149; b: 3.2884; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 

Shift/Err: Less than 0.002 in the last cycle of refinement: 

Resid. Electron Density: +0.87 e
0;

-
 /Å

3; -0.52 e
0;

-
 /Å

3 

R1: *(||Fo|-|Fc||)/$|Fo| 
[Fo > 4)(Fo); N=5347]:  = 0.0217 
[all reflctns; N=6039]:  = 0.0279 
wR2: [*w(Fo

2-Fc
2)2/*w(Fo

2)2]1/2 
[Fo > 4)(Fo); N=5347]:  = 0.0507 
[all reflctns; N=6039]:  = 0.0538 
Goodness of fit: [*w(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.068 

Remarks: Refinement expression   *w(Fo
2-Fc

2)2 
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Compound 12 

50% ellipsoids 
 
Operator: *** Herdtweck *** 
Molecular Formula: C28 H22 N O3 Re 
Crystal Color / Shape Yellow fragment 
Crystal Size Approximate size of crystal fragment used for data collection: 0.15 ! 0.18 ! 0.36  mm 
Molecular Weight: 606.68 a.m.u. 
F000:  592 
Systematic Absences: none 

Space Group: Triclinic P 1  (I.T.-No.: 2) 
Cell Constants: Least-squares refinement of 9899 reflections with the programs "APEX suite" and "SAINT" [1,2]; theta range 1.77° < ! < 25.44°; 

Mo(K!
); " = 71.073 pm 

 a = 986.94(3) pm #  = 99.490(2)° 
 b = 1096.26(4) pm $ = 105.050(2)° 
 c = 1251.54(7) pm %  = 112.906(1)° 
 V = 1149.44(9)· 106 pm3; Z = 2; Dcalc = 1.753 g cm-3; Mos. = 0.72 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating anode; graphite monochromator; 50 kV; 40 mA; " = 71.073 pm; 

Mo(K!
) 

Temperature: (-150±1) °C; (123±1) K 
Measurement Range: 1.77° < ! < 25.44°;  h: -11/11,  k: -13/13,  l:  -15/15 
Measurement Time: 2 ! 5 s per film 
Measurement Mode: measured: 9 runs; 2673 films / scaled: 9 runs; 2673 films 
 &# and '#movement; Increment: (&/(' = 0.50°; dx = 40.0 mm 
LP - Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi-scan; during scaling; µ = 5.316 mm-1 [2] 
 Correction Factors: Tmin = 0.5292 Tmax = 0.7452 
Reflection Data: 27800 reflections were integrated and scaled 
 27800 reflections to be merged 
 3955 independent reflections 
 0.039 Rint: (basis Fo

2) 
 3955 independent reflections (all) were used in refinements 
 3917 independent reflections with Io > 2)(Io) 
 93.1 % completeness of the data set 
 299 parameter full-matrix refinement 
 13.2 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 33 Non-hydrogen atoms with anisotropic displacement parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all non-hydrogen atoms, not all of the hydrogen positions could be 

determined from the highest peaks. For this reason, the hydrogen atoms were placed in calculated positions (dC-H = 95, 98 pm). 
Isotropic displacement parameters were calculated from the parent carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were 
included in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = )2(Fo
2)+(a*P)2+b*P 

 with a: 0.0094; b: 1.3619; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 

Shift/Err: Less than 0.002 in the last cycle of refinement: 

Resid. Electron Density: +1.12 e
0;

-
 /Å

3; -0.44 e
0;

-
 /Å

3 

R1: *(||Fo|-|Fc||)/$|Fo| 
[Fo > 4)(Fo); N=3917]:  = 0.0139 
[all reflctns; N=3955]:  = 0.0141 
wR2: [*w(Fo

2-Fc
2)2/*w(Fo

2)2]1/2 
[Fo > 4)(Fo); N=3917]:  = 0.0356 
[all reflctns; N=3955]:  = 0.0358 
Goodness of fit: [*w(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.078 

Remarks: Refinement expression   *w(Fo
2-Fc

2)2 
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Compound 13 

50% ellipsoids 
 
Operator: *** Herdtweck *** 
Molecular Formula: C13 H14 N O3 Re 
Crystal Color / Shape Yellow fragment 
Crystal Size Approximate size of crystal fragment used for data collection: 0.15 ! 0.20 ! 0.38  mm 
Molecular Weight: 418.46 a.m.u. 
F000:  792 
Systematic Absences: h0l: l!2n;  0k0: k!2n 
Space Group: Monoclinic P 21/c (I.T.-No.: 14) 
Cell Constants: Least-squares refinement of 3984 reflections with the programs "APEX suite" and "SAINT" [1,2]; theta range 1.86° < ! < 25.39°; 

Mo(K!
); " = 71.073 pm 

 a = 1169.24(4) pm  
 b = 1437.08(4) pm # = 110.3695(14)° 
 c = 822.19(3) pm  
 V = 1295.13(8)· 106 pm3; Z = 4; Dcalc = 2.146 g cm-3; Mos. = 0.70 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating anode; graphite monochromator; 50 kV; 40 mA; " = 71.073 pm; 

Mo(K!
) 

Temperature: (-150±1) °C; (123±1) K 
Measurement Range: 1.86° < ! < 25.39°;  h: -8/13,  k: -17/15,  l:  -9/9 
Measurement Time: 2 ! 5 s per film 
Measurement Mode: measured: 2 runs; 421 films / scaled: 2 runs; 421 films 
 $# and %#movement; Increment: &$/&% = 0.50°; dx = 40.0 mm 
LP - Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi-scan; during scaling; µ = 9.381 mm-1 [2] 
 Correction Factors: Tmin = 0.2789 Tmax = 0.7452 
Reflection Data: 5016 reflections were integrated and scaled 
 114 reflections systematic absent and rejected  
 4912 reflections to be merged 
 2260 independent reflections 
 0.028 Rint: (basis Fo

2) 
 2260 independent reflections (all) were used in refinements 
 2196 independent reflections with Io > 2'(Io) 
 95.5 % completeness of the data set 
 165 parameter full-matrix refinement 
 13.7 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 18 Non-hydrogen atoms with anisotropic displacement parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all non-hydrogen atoms, not all of the hydrogen positions could be 

determined from the highest peaks. For this reason, the hydrogen atoms were placed in calculated positions (dC-H = 95, 98 pm). 
Isotropic displacement parameters were calculated from the parent carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were 
included in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = '2(Fo
2)+(a*P)2+b*P 

 with a: 0.0251; b: 1.0363; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 

Shift/Err: Less than 0.002 in the last cycle of refinement: 

Resid. Electron Density: +1.12 e
0;

-
 /Å

3; -1.39 e
0;

-
 /Å

3 

R1: ((||Fo|-|Fc||)/$|Fo| 
[Fo > 4'(Fo); N=2196]:  = 0.0218 
[all reflctns; N=2260]:  = 0.0225 
wR2: [(w(Fo

2-Fc
2)2/(w(Fo

2)2]1/2 
[Fo > 4'(Fo); N=2196]:  = 0.0556 
[all reflctns; N=2260]:  = 0.0561 
Goodness of fit: [(w(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.144 

Remarks: Refinement expression   (w(Fo
2-Fc

2)2 
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Compound 14 

50% ellipsoids 
Operator: *** Herdtweck *** 
Molecular Formula: C14 H16 N O3 Re 
Crystal Color / Shape Yellow needle 
Crystal Size Approximate size of crystal fragment used for data collection: 
 0.03 ! 0.05 ! 0.23  mm 
Molecular Weight: 432.49 a.m.u. 
F000:  824 
Systematic Absences: 0k0: k!2n 
Space Group: Monoclinic P 21/m (I.T.-No.: 11) 
Cell Constants: Least-squares refinement of 9786 reflections with the programs "APEX suite" and "SAINT" [1,2]; theta range 1.08° < ! < 25.37°; 

Mo(K!
); " = 71.073 pm 

 a = 647.63(9) pm 
 b = 1165.2(2) pm # = 93.705(6)° 
 c = 1893.0(3) pm 
 V = 1425.5(4)· 106 pm3; Z = 4; Dcalc = 2.015 g cm-3; Mos. = 0.72 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating anode; graphite monochromator; 50 kV; 40 mA; " = 71.073 pm; 

Mo(K!
) 

Temperature: (-120±1) °C; (153±1) K 
Measurement Range: 1.08° < ! < 25.37°;  h: -7/7,  k: -14/14,  l:  -22/22 
Measurement Time: 2 ! 5 s per film 
Measurement Mode: measured: 6 runs; 3160 films / scaled: 6 runs; 3160 films 
 $# and %#movement; Increment: &$/&% = 0.50°; dx = 40.0 mm 
LP - Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi-scan; during scaling; µ = 8.527 mm-1 [2] 
 Correction Factors: Tmin = 0.4010 Tmax = 0.7452 
Reflection Data: 35348 reflections were integrated and scaled 
 46 reflections systematic absent and rejected  
 35302 reflections to be merged 
 2741 independent reflections 
 0.047 Rint: (basis Fo

2) 
 2741 independent reflections (all) were used in refinements 
 2592 independent reflections with Io > 2'(Io) 
 99.9 % completeness of the data set 
 195 parameter full-matrix refinement 
 14.1 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 26 Non-hydrogen atoms with anisotropic displacement parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all non-hydrogen atoms, not all of the hydrogen positions could be 

determined from the highest peaks. For this reason, the hydrogen atoms were placed in calculated positions (dC-H = 95, 98 pm). 
Isotropic displacement parameters were calculated from the parent carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were 
included in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: w

-1 = '2(Fo
2)+(a*P)2+b*P 

 with a: 0.0000; b: 3.9102; P: [Maximum(0 or Fo
2)+2*Fc

2]/3 

Shift/Err: Less than 0.002 in the last cycle of refinement: 

Resid. Electron Density: +1.09 e
0;

-
 /Å

3; -1.30 e
0;

-
 /Å

3 

R1: ((||Fo|-|Fc||)/$|Fo| 
[Fo > 4'(Fo); N=2592]:  = 0.0186 
[all reflctns; N=2741]:  = 0.0200 
wR2: [(w(Fo

2-Fc
2)2/(w(Fo

2)2]1/2 
[Fo > 4'(Fo); N=2592]:  = 0.0410 
[all reflctns; N=2741]:  = 0.0416 
Goodness of fit: [(w(Fo

2-Fc
2)2/(NO-NV)]1/2 = 1.099 

Remarks: Refinement expression   (w(Fo
2-Fc

2)2 
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9 Appendix B

This section contains supplementary information to Chapter 6:
The [η5-(C5H5)Mo(CO)3R] Compound Class: Similarities and Differences
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