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Kinetic studies of fluorinated aryl molybdenum(i)
tricarbonyl precursors in epoxidation catalysist

Robert M. Reich,? Marlene Kaposi,? Alexander Péthig® and Fritz E. Kihn*?

Benzyl substituted molybdenum tricarbonyl complexes displaying CFs groups are synthesized and applied
as catalyst precursors in olefin epoxidation reactions. The CFs moiety is important for both decarboxylation
velocity and active species formation. DFT calculations as well as *H, °C, °F and 9>*Mo NMR spectroscopy
help explain the observed reactivity differences. A variety of olefins can be epoxidized and TOFs of up to
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ca. 22000 h™* are obtained in hexafluoroisopropanol (HFIP). Furthermore, it is possible to recycle the active
species at least 10 times without significant activity loss in a two-phase catalytic reaction. *°F NMR kinetic
studies reveal that at least two intermediates are formed during the reaction with excess TBHP, depending

on the position of the CFs group. The substrate addition mode has also a major influence on the catalyst

www.rsc.org/catalysis formation velocity.

Introduction

Epoxides are important starting materials or intermediates
for a broad variety of chemical products including cosmetics,
pharmaceuticals or polymers.'™ Oxidations of ethylene and
propylene are important large-scale industrial processes as
their products are important building blocks for polymers.'>*
A state of the art process for the oxidation of these rather sim-
ple olefins is the use of heterogeneous silver (on alumina) cat-
alysts or gold-doped titanium-based catalysts with oxygen or
hydrogen peroxide as oxidants.”* However, these heteroge-
neous systems are not well suited for higher or more sophisti-
cated olefin synthesis, due to harsh reaction conditions, low
selectivity and other problems.>*

Homogeneous catalysis may help circumvent some of the
disadvantages encountered in heterogeneous systems. A
prominent example of catalytic epoxidation is the Halcon-
ARCO process (industrially established in the 1960s) which
uses [Mo(CO)s] as a pre-catalyst.> In order to better under-
stand and improve this process, a variety of molybdenum-
based catalyst precursors have been synthesized over the past
decades.®*" Some of them rival or surpass the well-examined
(but unfortunately quite expensive) methyltrioxorhenium
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(MTO) in terms of catalytic activity."*'* MTO was originally
established as an epoxidation catalyst by Herrmann et al. in
1991." In contrast to MTO where extensive work has pro-
vided a commonly accepted mechanism,'*'®> mechanisms of
molybdenum-based epoxidation reactions are still disputed.
This is not surprising, however, since the structural variety of
compounds applicable in epoxidation catalysis is far greater
than in the case of Re. Nevertheless, in the 1970s, a generali-
zation of epoxidation mechanisms has been attempted, pro-
ducing two rather different mechanistic proposals by
Mimoun'®'” and Sharpless et al.'® A multi-step mechanism
including olefin pre-coordination to a metal centre, followed
by olefin insertion into a metal-peroxo bond was proposed
by Mimoun et al. A five-membered metallacycle has been as-
sumed to act as an intermediate. Sharpless suggested that an
olefin reacts directly with one of the peroxide oxygen atoms,
forming a spiro-like transition state. Many mechanistic stud-
ies followed to prove or disprove these original proposals.
Thiel et al., for example, presented a study using TBHP as an
oxidant for molybdenum precursors and obtained results
largely in accord with Sharpless’ proposal.’® Some later DFT
studies  focusing on molybdenum cyclopentadienyl
tricarbonyl complexes as catalyst precursors®*>* showed that
the energy barriers for possible intermediates during catalysis
are too similar to be distinguished without further experi-
mental evidence. Recently, fluorinated moieties were at-
tached to molybdenum tricarbonyl complexes to get addi-
tional mechanistic evidence (via '’F NMR spectroscopy) and
to reach potentially higher activities due to enhanced Lewis
activity via a more electron deficient Mo atom.>”>®

In continuation of our previous examinations of related
systems,”> >’ we utilized arylated molybdenum tricarbonyl

This journal is © The Royal Society of Chemistry 2016
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complexes and modified them by varying the position and
number of CF; group(s) on a benzyl moiety attached to a
CpMo(CO); entity. The resulting compounds were applied in
epoxidation catalysis.

Results and discussion

Synthesis and characterization

The reaction of Na|CpMo(CO);] with fluorinated arylbromides
leads to air and moisture stable compounds 1-4 in yields of
90-95% under ambient conditions (Scheme 1).

Formation of the compounds is confirmed by 'H, **C, '°F
NMR spectroscopy, IR spectroscopy, elemental analysis and
X-ray crystallography (Fig. 1). When compared to literature-
known benzylated and pentafluorobenzylated derivatives, the
structures of the four compounds are most similar to a
pentafluorobenzylated compound with respect to the ob-
served bond angles.””

As the infrared spectra of complexes of the type
[CpMo(CO);R] are well understood, this method was also ap-
plied here (see Table 1).”**' However, the mean stretching
frequencies are very similar for compounds 1-4. Therefore,
Mo NMR spectroscopy was utilized in order to find varia-
tions caused by the ligand substitution pattern. Downfield
shifts are indicative of an increased Lewis acidity at a metal
centre in the case of structurally closely related
compounds.'*?%2732

The *>Mo NMR peak of compound 1 is the most low field
shifted among the examined compounds. This is in accord
with the calculated Lewis acidity of the metal centre (see the
ESIt S4). It is interesting to note that one additional CF;
group in the meta position in 4 also leads to a distinct low
field shift (compared to that in 2).

Tricarbonyl molybdenum complexes are usually used as
precursors in oxidation catalysis since they are relatively easy
to handle as they are quite air and moisture stable. A draw-
back is that induction periods can arise during catalysis due
to the (slow) decarbonylation process prior to the formation
of active species. This was observed, for example, when
comparing [CpMo(CO);CH;] and its trifluorinated derivative.
Fluorination leads to prolongation of the decarbonylation
process in that case.*®* However, the (oxidized)
trifluoromethyl Mo(vi) compound is much more active in oxi-
dation catalysis than its methyl derivative, presumably due to
its enhanced Lewis acidity. Recently, we were able to demon-
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Scheme 1 Synthesis and structure of the organomolybdenum
tricarbonyl complexes 1-4.
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Fig. 1 ORTEP-style presentation of the molecular structures of
compounds 1 (upper left), 2 (upper right), 3 (lower left) and 4 (lower
right). Ellipsoids are shown at a 50% probability level. Hydrogen atoms
are omitted for clarity (carbon: black, oxygen: red, fluorine: green,
molybdenum: yellow). For detailed information, see the ESI{ S1.

strate that insertion of a CH, bridge in arylated fluorinated
and non-fluorinated molybdenum tricarbonyl complexes
helps ease the decarbonylation process.>”

A further systematic account on the influence of fluorina-
tion on the catalytic epoxidation activity of Mo compounds is
given below, based on varying the number and position of
CF; groups on a benzyl moiety.

Influence of the position of a CF; group on catalysis

To determine the influence of the position of CF; on catalytic
performance, kinetic studies with the benchmark substrate
cis-cyclooctene using tert-butylhydroperoxide (TBHP) as oxi-
dant have been carried out. The solvent of choice for mecha-
nistic purposes is CHCl; as it was recently found that
decarbonylation is quite slow in it and is therefore easier to
follow and to distinguish from the catalytic epoxidation pro-
cess.’*?” Unfortunately, as the oxidized derivatives and the
active species could not be isolated a - at least at first glance
- somewhat clumsy pathway to unravel more mechanistic de-
tails is necessary. Comparison of the behaviour of 1-3 shows
an increasing induction period (which occurs under applied
conditions only with a low excess of TBHP) with an increas-
ing distance from the metal centre to the CF; moiety (Fig. 2).

Influence of an additional CF; group on catalysis

If a second CF; group is present (compound 4) the catalytic
activity is higher (TOF: 2.8 h™"), compared to those of com-
pounds 1 (TOF: 1.2 h™") and 2 (TOF: 2.4 h™") (Fig. 2).

Compound 4 is additionally compared to known penta-
fluorobenzylated and benzylated molybdenum tricarbonyl
complexes.”” Compound 4 has a similar activity to
[CpPMo(CO);BzF;5] (TOF: 2.9 h™"). This shows that the addition
of two CF; groups to the benzyl moiety has a similar effect to
full fluorination of the benzyl ring (Fig. 3).

Catal Sci. Technol., 2016, 6, 4970-4977 | 4971
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Table 1 Stretching frequencies [cm™] and °®*Mo NMR shifts [ppm] of compounds 1-4

Stretching frequencies [em™] 1 2 3 4

CO sym. stretch 2008.9 2005.9 2008.1 2014.8
CO asym. stretch 1986.1 1970.3 1972.5 1950.6
CO asym. stretch 1911.4 1900.0 1902.7 1916.3
Mean of summarised stretching frequencies [em™] 1968.8 1958.7 1961.1 1960.1
%Mo NMR shifts [ppm] -1525.24 -1558.49 -1562.52 -1537.10

(for details, see the ESI S3).

For the sake of comparison, compound 4 is also compared
to [CpMo(CO);Cl] (TOF: 1.7 h™) and methyltrioxorhenium
(MTO; TOF: 4.0 h™") as benchmark pre-catalysts in homoge-
neous oxidation catalysis (Fig. 4).'*>%3373°

However, it has to be mentioned that a comparison under
these conditions has to be taken with great care, especially since
MTO is (considerably) more reactive with hydrogen peroxide as
an oxidant. The pre-catalyst to substrate/oxidant ratio was cho-
sen to primarily determine the induction periods. Therefore, a
comparison of turnover frequencies under optimised conditions
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Fig. 2 Kinetic curves of 1 (m), 2 (@), 3 (X) and 4 (a). Pre-catalyst: cis-
cyclooctene: TBHP ratio = 1:10:20 in 0.5 ml of CDCls, internal
standard: mesitylene, T = RT, epoxide selectivity: 99% (yield and
selectivity were determined via *H NMR spectroscopy).
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Fig. 3 Kinetic curves of 4 (a), [CpMo(CO)sBzFs] (V) and [CpMo(CO):Bz]
(v). Pre-catalyst: cis-cyclooctene:TBHP ratio = 1:10:20 in 0.5 ml of
CDCl3, internal standard: mesitylene, T = RT, epoxide selectivity: 99%
(yield and selectivity were determined via *H NMR spectroscopy).

4972 | Catal Sci. Technol., 2016, 6, 4970-4977

is more useful as it leads to a more realistic appraisal of the
compounds as pre-catalysts in oxidation catalysis.

Turnover frequencies, substrates and recycling

The application of benzene and hexafluorobenzene (HFB) as
solvents to reach high TOFs has been reported previously.*’
In this study, hexafluoroisopropanol (HFIP) has been utilized
additionally, as a previous research study shows that it is able
to distinctly enhance the velocity of decarbonylation (Table 2).>°
The obtained epoxidation activity correlates well with the Lewis
acidity of the compounds (1 > 4 > 2 > 3) derived from **Mo
NMR spectroscopy and DFT calculations (see Table 1 and ESI{
$4.5). Although the differences are not very pronounced, ie. in
the same order of magnitude, it is interesting to note that the
position of the CF; group on the aromatic ring seems to have a
similar impact to an additional CF; group. The reason is proba-
bly that the ortho CF; group is located close to the metal centre,
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Fig. 4 Kinetic curves of 4 (a), MTO (X) and [CpMo(CO)sCl] (e). Pre-
catalyst: cis-cyclooctene: TBHP ratio = 1:10:20 in 0.5 ml of CDCls,
internal standard: mesitylene, T = RT, epoxide selectivity: 99% (yield
and selectivity were determined via *H NMR spectroscopy).

Table 2 Turnover frequencies for 1-4 with different solvents®

TOFs [h™"]
Entry Solvent 1 2 3 4
1 Benzene 15100 12700 12000 14900
2 HFB 18400 15300 14 800 18300
HFIP 22600 19100 18500 22200

“ Pre-catalyst : cis-cyclooctene : TBHP ratio (0.05:100:200) in 0.5 ml of
solvent, internal standard: mesitylene, 7 = 55 °C, after 5 min.
Determination via "H NMR spectroscopy.

This journal is © The Royal Society of Chemistry 2016
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leading to the observed enhanced Lewis acidity and activity in
catalysis, whereas the CF; groups at the meta position are too
far away from the centre and exercise no mesomeric effect on
the a-carbon atom of the ring.

Using HFIP as solvent, TOFs of over 22000 h™" can be
obtained for compounds 1 and 4, outperforming fluorinated
compounds reported previously under the same conditions
(Fig. 5).2>%

Compounds 2 and 4 were then chosen to oxidize more so-
phisticated substrates to evaluate the influence of an addi-
tional CF; group on catalysis (Table 3). In all the cases, com-
pound 4 is more active than 2, showing that the additional
CF; group enhances - as already expected and observed for
cis-cyclooctene - the overall catalytic activity. For cis-stilbene,
4 has a distinct positive influence on the activity compared to
2, outperforming some previously studied pre-catalysts.>”*®

Although the TOF shows that this compound is only about
half as active (with TBHP as the oxidant) as MTO (with H,0,
as the oxidant) (40000 h™),’” it has one substantial advan-
tage. It is possible to recycle the active species of compound
4 for at least 10 successive runs without significant loss in ac-
tivity in a two-phase reaction with the RTIL (room tempera-
ture ionic liquid) [C;C;Cgim][NTf;,] as solvent (Fig. 6).

An even roughly similar recycling procedure has not been
reported for MTO so far. Further tuning of these molybdenum-
based complexes and epoxidation conditions might also lead
to a distinct increase in activity, possibly allowing to come
closer to a very well optimized MTO system.

Mechanistic studies - *H, **C, '°F and *Mo NMR spectroscopy

Several computational and experimental studies concerning the
general mechanism of epoxidation catalysis with molybdenum
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Fig. 5 Comparison: TOFs of [CpMo(CO)sCF3], [CpMo(CO)sBzFs], 1 and 4.

Table 3 Substrate scope of 2 and 4°

View Article Online

Paper

100
90
80
70 4
60
50+

40

Conversion [%]

30

20+

Fig. 6 Recycling experiments using compound 4. Pre-catalyst: cis-
cyclooctene : TBHP ratio = 0.5:100:200 in 0.5 ml of benzene, internal
standard: mesitylene, T = 55 °C, after 24 h. Determination via *H NMR
spectroscopy (selectivity: 99%).

tricarbonyl complexes and the formation of certain species,
which might also act as pre-catalysts, were performed by the
groups of Poli,** Calhorda®* and our group.* >

These examinations indicate that at least two species are
formed as intermediates in the course of the reaction: a dioxo
species and an oxo-peroxo species. These species, however,
are apparently not the active species as they are unable to
transfer an oxygen atom to an olefin without the presence of
an additional oxidant. Further species formed during the ep-
oxidation process have been noted.>”

'H, *C, F and Mo NMR spectroscopic examinations
have been applied to check the formation of more intermedi-
ates. Especially, "°F NMR spectroscopy (which is possible due
to the CF; group) seems to be a sensitive tool giving helpful
hints on possible intermediates and the velocity of
decarbonylation. The kinetic plots during the reaction with ex-
cess TBHP in '°F NMR spectroscopy are shown in Fig. 7. It can
be seen that at least two species (for 1 and 3) are formed. For
compound 4, four species are observable. The formation of a
light bluish insoluble species I (see the Experimental section
for the elemental analysis and mass spectroscopy), as already
noted before during catalysis,®® occurs as well. In previous
studies, it was not clear, however, if an organic entity R is pres-
ent in this precipitate. As fluorine is present (in this case) in

2 4
Entry Substrate Conv. [%] Sel. [%] Conv. [%] Sel. [%]
1 cis-Cyclooctene 100 99 100 99
2 1-Hexene 75 40 82 78
3 1-Octene 44 99 56 99
4 1-Decene 38 99 49 97
5 cis-Stilbene 64 99 78 99
6 trans-B-Methylstyrene 32 56 74 70

“ Pre-catalyst : olefin : TBHP ratio (1:100:200) in 0.5 ml of C4¢Dg, internal standard: mesitylene, T = 55 °C, after 24 h (Conv.: conversion and Sel.:

selectivity were determined via "H NMR spectroscopy).

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Kinetic plots of 1 mmol of compounds 1 (upper left), 2 (upper
right), 3 (lower left) and 4 (lower right) with 20 eq. of TBHP, T = 55 °C.
m: CF3 shift of the tricarbonyl precursor. Other symbols: observed CF3
shifts which form during the reaction with the oxidant. The reaction
was monitored by °F NMR spectroscopy in 0.5 ml of C¢Dg using HFB
as the internal standard.

the elemental analysis (which is part of the ligand R), it can be
now concluded that the ligand is part of the insoluble species.
Nevertheless, further research is necessary to obtain better in-
sights into the true nature of the precipitate. Interestingly, it
appears that the catalytic activity of the compounds correlates
with the formation of the insoluble species Table 4.

Further mechanistic investigations were carried out using
compound 2. Three different Cp signals are also observed in
the "H NMR spectra during the reaction with 20 eq. of TBHP
(T = 55 °C) at 4.94, 4.74 and 4.52 ppm (tricarbonyl precursor:
4.69 ppm; for details, see the ESIT Fig. S2.5). The methylene
bridge also shifts (in the precursor found at 2.80 ppm) and
new downfield shifts appear at 3.49 and 3.31 ppm. Additionally,
new peaks at 6.14 ppm appear, which cannot be assigned to an
oxo-peroxo or dioxo species and might therefore be an interme-
diate, as predicted by calculations (see the ESI Fig. $2.5).°

3C NMR spectroscopy provides additional details: first, it
shows that the decarbonylation observed in "°F NMR spectro-
scopy correlates with the decrease in carbonyl signals (for de-
tails, see the ESIf Fig. S2.6). Additionally, downfield shifts of
aryl carbons are observed (at 160.49 and 173.74 ppm; for de-
tails, see the ESI} Fig. S2.7), indicating the formation of new
species, presumably dioxo and oxo-peroxo species, as
reported before (changes of the shifts are due to the nonpolar
solvent C¢Dg used in this study in comparison to previous
studies performed in CDCI;).>° Additionally, the carbon of
the methylene bridge is shifted downfield from 4.62 ppm
(precursor) to 31.75 ppm lying in the range expected for a
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high oxidation state oxo-peroxo species. The methylene
bridge of the dioxo species cannot be observed, possibly due
to the low concentration and the fast oxo-peroxo species for-
mation reaction.

Also, two new cyclopentadienyl (Cp) signals (precursor
with a shift at 95.35 ppm in C¢De) at 81.02 ppm and 69.92
ppm are observed, which may be attributed to oxo-peroxo
and dioxo species (see Fig. 8). A closer look shows that there
are several more Cp signals, which might be the reason for
the observation of a third species in the ’F NMR spectra (see
the ESIT Fig. S2.8). However, it appears reasonable to assume
that the oxo-peroxo and dioxo species are the main species
formed in the catalytic oxidation of compound 2 with TBHP.

As previously reported, the presence of both a substrate and
an oxidant has a great influence on the formation of different
active species.”® As '°F NMR spectroscopy has been proven to
be a sensitive tool in the investigation of different intermediates
in the reaction of a pre-catalyst with an oxidant, it was also cho-
sen as a suitable method for examining the reaction of the car-
bonyl catalyst precursors with an oxidant and a cis-cyclooctene
substrate (Fig. 9). It shows that slower decarbonylation of the
pre-catalyst is apparent in the presence of both a substrate and
an oxidant (most likely due to the competition for oxidation)
and that one intermediate is favoured (in contrast to the reac-
tion without a substrate - see Fig. 8, upper right). Slower
decarbonylation is both evident in "*C (remaining Cp signal of
the precursor after 240 min) and Mo NMR spectroscopy (see
the ESIt Fig. S2.9 and $2.10).

Additionally, 5% of the by-product (the insoluble light
blue species) is formed (20% without a substrate). However,
it has to be mentioned that the "*C NMR spectra hints at only
two main species. A possible explanation for the differences

Cp signal of New Cp
precursor signals After:

75 min
10 min

il

} Prior to the

addition of TBHP
16 112 108 104 100 96 92 88 8 80 76 72 68 64 60 56 52

11 (ppm)

Fig. 8 3C NMR kinetics show the formation of two cyclopentadienyl
(Cp) signals in the course of the reaction of 1 mmol of 2 with TBHP (1:
20), T = 55 °C (CgDg as the internal standard).

Table 4 Observed °F NMR shifts and amount of formed insoluble by-products during the reaction with TBHP in compounds 1-4“

Compound 'F NMR shift of prec. [ppm] Obs. "°F NMR shifts [ppm] Insol. spec.
1 -62.15 -61.41/-61.74 26%
2 -64.68 —64.49/-64.54/-64.60 20%
3 -63.87 —64.36/-64.50 4%
4 -64.90 —64.78/-64.81/-64.85/-64.88 27%

“ Pre-catalyst/oxidant ratio = 1: 20, T = 55 °C, HFB as the internal standard (prec.: precursor, Obs.: observed, insol. spec.: insoluble species).

4974 | Catal Sci. Technol., 2016, 6, 4970-4977
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Fig. 9 Kinetic plot of 1 mmol of compound 2 with 10 eq. of cis-
cyclooctene and 20 eq. of TBHP, T = 55 °C. m: CFs shift of the
tricarbonyl precursor. Other symbols: observed CFs shifts which form
during the reaction with the oxidant. The reaction was followed by *°F
NMR spectroscopy in 0.5 ml of C¢Dg using HFB as the internal
standard.

in the ’F NMR spectra is that in the latter case, additional
shifts might arise from a changed geometry of the CF; group.
As reported before in DFT calculations for the
[CpMo(CO);CF;] compound, one C-F bond can be elongated
and be part of possible interactions with the proton of the ox-
idant or the molybdenum centre.>* This change in geometry
would lead to the observed additional peaks. Additional DFT
calculations with the here reported (more active) fluorinated
compounds could help obtain further insights into possible
C-F--*HOOR or C-F--MOentre iNteractions.

Conclusion

Four new CF;-substituted benzyl molybdenum tricarbonyl
complexes have been synthesised, characterised and applied
in the oxidation of cis-cyclooctene. Differences in reactivity
can be largely attributed to different electron densities at the
metal, leading to different decarbonylation velocities and ep-
oxidation abilities. This interpretation is supported by *>Mo
NMR spectroscopy and DFT calculations. The complexes have
also been compared to some benchmark epoxidation cata-
lysts. Addition of a second CF; group (in 4) on the benzyl
moiety leads to an increase in activity. It was therefore possi-
ble to reach TOFs of >22000 h™" using HFIP as solvent. The
position of the CF; group apparently also plays an important
role, as compound 1 is more active than 4 - which has one
additional CF; group - probably due to the location of the
CF; group which is closer to the molybdenum centre. More-
over, it is possible to recycle the active species for at least 10
runs without loss in activity. It is also possible to oxidise
other olefins with 2 and 4, showing their broader applicabil-
ity in the oxidation of olefins and, again, the influence of the
additional CF; group.

Further, 'H, **C and '°F NMR kinetic studies made it pos-
sible to obtain insights into the nature of the intermediates
(dioxo and oxo-peroxo species) during the reaction with
TBHP. °F and "*C NMR kinetics with the addition of a sub-
strate reveal a somewhat modified reaction pathway,
favouring one intermediate over the other. As the characteri-
sation of the intermediates is difficult but crucial for further
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evaluation of a possible mechanism, the findings presented
here are helpful in providing a new strategy to obtain one
specific intermediate in high yields by adding a substrate.
Therefore, future work will focus on the influence of different
substrates on the formation of intermediates during the cata-
Iytic epoxidation reaction, possibly enabling different inter-
mediates with different substrates.

Experimental section
Material and methods

All experimental synthetic work was carried out using stan-
dard Schlenk techniques under argon atmosphere. Catalytic
reactions were performed under laboratory atmosphere. Sol-
vents were dried using standard procedures and stored under
argon atmosphere over molecular sieves. Commercially avail-
able chemicals are used as received, unless stated otherwise.
High-resolution NMR spectra were recorded using a Bruker
Avance DPX-400 spectrometer (‘H: 400.0 MHz; “C: 100.6
MHz; '°F: 376.5 MHz). The signals were referenced to the sol-
vent residual signal (CDCls; 'H: 7.26 ppm; **C: 77.16 ppm) or
external standards in a capillary (*’Mo: Mo(CO)s in CeDg at
-1856 ppm). IR spectra were recorded on a Varian ATR-FTIR
instrument. Single crystals suitable for X-ray diffraction were
grown by slow diffusion of diethyl ether into saturated solu-
tions of 1-4 in dichloromethane.

Synthesis and characterisation

The organomolybdenum complexes [CpMo(CO);Bz-0-CF;] (1),
[CpMo(CO);Bz-m-CF;] (2), [CpMo(CO);Bz-p-CF;] (3) and
[CpMo(CO);Bz-m-(-CF;),] (4) as well as literature-known mo-
lybdenum and rhenium based complexes [CpMo(CO);Bz],
[CpMo(CO);BzF;], [CpMo(CO);Cl] and methyltrioxorhenium
were synthesised according to procedures in the
literature.>>>>3839

(1) [CpMo(CO);Bz-0-CF;]. 'H-NMR (CDCl;, 298 K, 400
MHz): 7.46-6.99 (m, 4H, Bz), 5.30 (s, 5H, Cp), 2.90 (s, 2H,
CH,Bz); >’C-NMR (CDCl,;, 298 K, 101 MHz): 239.81 (CO),
228.72 (CO), 151.93, 131.55, 127.61 (Bz), 125.61 (CF;), 123.05
(Bz), 93.49 (Cp), 2.96 (CH,Bz); "’F-NMR (CDCl;, 298 K, 376
MHz): -60.35; *>M0o-NMR (Cg¢Ds, 298 K, 26 MHz): -1525.24;
IR: vCO = 2008.9 cm™" (s), 1986.1 cm™* (vs), 1911.4 cm ™" (vs);
elemental analysis (caled.) C: 47.54, H: 2.74, F: 14.10, found:
C: 47.86, H: 2.84, F: 14.50 (90% yield, dark yellow powder, m.
p. 73 °C).

(2) [CpMo(CO);Bz-m-CF;]. 'H-NMR (CDCl;, 298 K, 400
MHz): 7.39-7.22 (m, 4H, Bz), 5.24 (s, 5H, Cp), 2.88 (s, 2H,
CH,Bz); >’C-NMR (CDCl,;, 298 K, 101 MHz): 239.19 (CO),
228.21 (CO), 152.37, 130.60, 128.36 (Bz), 123.85 (CF;), 93.90
(Cp), 3.42 (CH,Bz); "’F-NMR (CDCl;, 298 K, 376 MHz) —62.78;
%Mo-NMR (C¢Ds, 298 K, 26 MHz): ~1558.49; IR: vCO = 2005.9
em™ (s), 1970.3 em™* (vs), 1900.0 cm™ (vs); elemental analy-
sis (caled.) C: 47.54, H: 2.74, F: 14.10, found: C: 47.01, H:
2.83, F: 14.40 (88% yield, yellow powder, m.p. 107 °C).

(3) [CpMO(CO);Bz-p-CF;]. 'H-NMR (CDCl;, 298 K, 400
MHz): 7.40 (m, 2H, Bz), 7.25 (m, 2H, Bz), 5.23 (s, 5H, Cp),
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2.85 (s, 2H, CH,Bz); *C-NMR (CDCl;, 298 K, 101 MHz): 239.15
(CO), 228.25 (CO), 156.07, 127.42 (Bz), 124.93 (CF;), 93.95 (Cp),
3.43 (CH,Bz); "’F-NMR (CDCl;, 298 K, 376 MHz) —61.94; **Mo-
NMR (CgDg, 298 K, 26 MHz): —1562.52; IR: vCO = 2008.1 cm *
(s), 1972.5 em™ (vs), 1902.7 cm " (vs); elemental analysis
(caled.) C: 43.24, H: 2.13, F: 24.14, found: C: 43.40, H: 2.23, F:
24.51 (87% yield, yellow powder, m.p. 93 °C).

(4) [CpMo(CO);Bz-m-(-CF;),]. "H-NMR (CDCl;, 298 K, 400
MHz): 7.54 (s, 2H, Bz), 7.46 (s, 1H, Bz), 5.29 (s, 5H, Cp), 2.86
(s, 2H, CH,Bz); "*C-NMR (CDCl;, 298 K, 101 MHz): 238.33
(CO), 228.19 (CO), 153.99, 131.12, 126.90, 125.08, 122.38 (Bz),
117.08 (CF;), 93.74 (Cp), 2,22 (CH,Bz); ’F-NMR (CDCl;, 298
K, 376 MHz) -63.07; >Mo-NMR (C¢D, 298 K, 26 MHz):
-1537.10; IR: vCO = 2014.8 cm™* (s), 1950.6 cm™* (vs), 1916.3
ecm™' (vs); elemental analysis (caled.) C: 47.54, H: 2.74, F:
14.10, found: C: 47.15, H: 2.88, F: 14.46 (85% yield, yellow
powder, m.p. 101 °C).

(I) Insoluble species. Elemental analysis (found): C: 19.20,
H: 3.05, F: 3.44, Mo: 33.13 O: not determined; m/z 241.1
(FAB), 227.2 (base).

Recycling experiments

After the catalytic reaction in 2.5 ml of the IL (1,2-dimethyl-3-
octyl imidazoliumbis(trifluoromethylsulfonyl)imide), the upper
phase was removed from the reaction vessel by addition of 5
mL of n-hexane after cooling to room temperature. The ligh-
ter phase was removed using a cannula. The samples were
treated with MnO, to remove water and eliminate excess per-
oxide. Afterwards, the sample was diluted with C¢Ds and the
resulting slurry was filtered and transferred to an NMR tube.
Additionally, oil pump vacuum for 4 h at 55 °C allowed the
removal of ‘BuOH from the remaining RTIL phase before
further cis-cyclooctene and TBHP were added.

Kinetic experiments

Kinetic experiments were performed in an NMR tube
equipped with a respective pre-catalyst (0.1 mmol), solvent
(0.5 ml of CDCIl; or C¢Dg), an internal standard (0.1 mmol of
mesitylene or hexafluorobenzene) and (if needed) cis-
cyclooctene (1 mmol). The reaction started with the addition
of TBHP (5.5 M in n-decane; 2 mmol) at an applied tempera-
ture. The course of the reaction was monitored by 'H, *C,
F or ®>Mo NMR spectroscopy.

X-ray single crystal structure determination

Single crystals suitable for X-ray diffraction were grown by
slow diffusion of diethyl ether into a saturated solution of
1-4 in dichloromethane. CCDC numbers for complexes 1-4
are located in Table S1 (ESIt).

Computational details

All calculations have been performed using Gaussian03.*°
The level of theory contains the hybrid DFT functional
B3LYP*""* and the double zeta 6-31 + G**** basis set for all
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the atoms excluding Mo, and the Stuttgart 1997 ECP for mo-
lybdenum.** All the obtained geometries have been identi-
fied using the numbers of negative frequencies as minima
(NIpyag = 0). Free energy differences have been calculated for
the gas phase at 298.15 K and 1.0 atm.
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