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Aerobic Epoxidation of Olefins Catalyzed by the Cobalt-Based Metal-
Organic Framework STA-12(Co)
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Abstract: A Co-based metal-organic
framework (MOF) was investigated as
a catalytic material in the aerobic ep-
oxidation of olefins in DMF and exhib-
ited, based on catalyst mass, a remarka-
bly high catalytic activity compared
with the Co-doped zeolite -catalysts
that are typically used in this reaction.

were obtained depending on the sub-
strate. Although styrene was epoxi-
dized with low selectivity due to oligo-
merization, (E)-stilbene was converted
with high selectivities between 80 and
90 %. Leaching of Co was low and the
reaction was found to proceed mainly
heterogeneously. The catalyst was reus-
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able with only a small loss of activity.
The catalytic epoxidation of stilbene
with the MOF featured an induction
period, which was, interestingly, consid-
erably reduced by styrene/stilbene co-
epoxidation. This could be traced back
to the formation of benzaldehyde pro-
moting the reaction. Detailed parame-

The structure of STA-12(Co) is similar
to that of STA-12(Ni), as shown by
XRD Rietveld refinement and is stable
up to 270°C. For the epoxidation reac-
tion, significantly different selectivities

Introduction

Among oxidation reactions, the epoxidation of olefins plays
a prominent role. Epoxides are highly reactive and therefore
frequently used as intermediates in industry."! Ethylene
oxide is one of the world’s most highly demanded chemicals
with production of 2.9x10° tons in 2008 in the US alone.””
Ethylene oxide leads to the formation of ethylene glycols
through hydrolysis!!! and thus forms the basis for many ev-
eryday products, including anti-freezing agents and cosmet-
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ter and catalytic studies, including in
situ EPR and EXAFS spectroscopy,
were performed to obtain an initial in-
sight into the reaction mechanism.

epoxidation -

ics, among others. In contrast to ethylene, the (catalytic) ep-
oxidation of more complex olefins frequently requires
oxygen in an activated form.’! As an example, isolated Ti
centers in a silica matrix have been shown to be ideal heter-
ogeneous catalysts for epoxidation reactions by using simple
peroxides, such as fBuOOH and hydrogen peroxide.* In
recent years, catalytic systems have been developed that use
molecular oxygen in the liquid phase as the least expensive
oxidant for epoxidation reactions. Heterogeneous gold cata-
lysts have been reported to be catalytically active in the
aerobic epoxidation of a number of olefins both with!® and
without radical initiators.”! The formation of secondary by-
products from oxygen was not reported in these cases, al-
though other aerobic gold-based epoxidations require the
activation of oxygen through an intermediate organic perox-
ide.®*! The Mukaiyama epoxidation is a general protocol
that facilitates the epoxidation of an olefin with oxygen by
using a sacrificial aldehyde in the presence of various transi-
tion metals.""?! The aldehyde is transformed in situ into a
carboxylperoxo radical, facilitating oxygen transfer to the
olefin. As a stoichiometric side product, the carboxylic acid
is formed.

Several papers report the successful epoxidation of olefins
with molecular oxygen in the absence of additional sacrifi-
cial reductants or radical initiators in DMF. Generally, het-
erogeneous Co catalysts were used in these investiga-
tions.'*?2 The use of amide solvents is required for catalytic
activity. This is mostly interpreted in terms of the formation
of a Co-DMF complex that reacts with oxygen to give a Co
superoxo species which transfers oxygen to the olefin. To
the best of our knowledge, only one study has reported that
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the olefin transformation is accompanied by significant
DMF oxidation™! to N-formyl-N-methylformamide (FMF),
which might provide an alternative explanation of the epoxi-
dation on the basis of a solvent co-oxidation mechanism.
Based on experiments with radical scavengers, the mecha-
nism was suggested to be of radical nature. Co-substituted
zeolites turned out to be the most effective catalysts and a
general conclusion was that isolated Co species are the most
active. Since isolated species can only be obtained with low
Co loading in zeolites, rather high absolute catalyst amounts
are required.

Metal-organic frameworks (MOFs) feature, like zeolites,
isolated metal centers that are well-distributed and well-de-
fined. Several groups have reported the targeted biomimetic
modification of MOFs as an additional strategy.’**! Their
main advantage compared with zeolites consists in their sub-
stantially higher metal loading, which offers the opportunity
to significantly reduce the overall amount of catalyst, pro-
vided that the internal metal centers are accessible to the
substrates. MOFs usually have high porosity and specific
surface areas that make them adequate candidates for cata-
lytic applications both as high-surface-area supports and as
intrinsic catalysts.”*?’l MOFs have been used as catalysts for
various types of oxidation reactions in the liquid phase, for
example, alcohol oxidation,” epoxidation,”? hydrocarbon
oxidation,> hydroquinone oxidation,’”! the oxidation of
organic sulfides,®™ and the oxidation of aromatics.” For
these oxidation reactions especially, a certain degree of de-
activation is frequently observed. Co-based MOFs have
been used previously for the oxidation of cyclohexene with
BuOOH, resulting mainly in allylic oxidation products./***!]

In this study, the epoxidation of styrene and stilbene by
molecular oxygen is investigated by using DMF as the sol-
vent and the MOF catalyst STA-12(Co). The MOF structure
has been resolved by Rietveld refinement and it features an
analogous structure to STA-12(Ni)*?) and is therefore a
high-metal-containing alternative to the frequently used zeo-
lites. The influence of important reaction parameters is ex-
amined in detail to clarify the role of the Co-MOF. Further-
more, the role of various activating and deactivating addi-
tives on the catalytic reaction was investigated. In situ elec-
tron paramagnetic resonance (EPR) and X-ray absorption
spectroscopy (XAS) studies provided additional valuable
mechanistic information.

Results

Synthesis and characterization of STA-12(Co): Powders ob-
tained from the reaction of cobalt(II) acetate with H,L (L=
C¢H,N,P,0;) were characterized by powder X-ray diffrac-
tion and were found, as previously reported,*’ to have a
similar characteristic diffraction pattern to that observed for
STA-12(Ni)*? (see the Supporting Information). Optimiza-
tion of the reaction conditions indicated that a cobalt ace-
tate to H L ratio of 2:1 at a starting pH of 8 yields phase-
pure samples of STA-12(Co). Powder diffraction data were
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analyzed by Le Balil fitting by using the routines within the
GSAS suite of programs™ and with the unit cell of as-pre-
pared STA-12(Ni)! as the starting point. Refinement of the
unit-cell parameters indicated that as-prepared STA-12(Co)
crystallized in the same rhombohedral space group as STA-
12(Ni), but with a slightly larger unit cell (space group: R3;
hexagonal setting: a=28.0942(19), ¢ =6.2846(3) A).

Thermogravimetric analysis (TGA) in air, with a ramp
rate of 1.5°Cmin~! up to 900°C, showed two weight-loss
events (see the Supporting Information). The first weight
loss of 18.3 wt% (20-85°C) was assigned to the removal of
physisorbed water from the pores. This was immediately fol-
lowed by an increase in gradient of the TGA plot, marking
a second weight loss of 6.8 wt % (85-108°C), assigned to the
loss of chemisorbed water from the Co’>* ions. Between
108°C and 270°C, there were no significant weight losses on
heating, indicating that the dehydrated material is thermally
stable up to this temperature.*” Above 270°C, further
weight losses are observed that are thought to be due to
structural collapse.

Powder X-ray diffraction data for a sample of STA-
12(Co) dehydrated under vacuum at 150°C show that the
material undergoes a structural transition on dehydration,
which is reversible on subsequent rehydration of the materi-
al (see the Supporting Information). Energy dispersive X-
ray (EDX) spectroscopy indicated a Co/P ratio of 1:1 (see
the Supporting Information) and, in combination with the
TGA data, a composition for STA-12(Co) of Co,-
(H,0),L:5H,0, in which L=CsH;,N,P,O¢, was postulated.
This hypothetical composition shows reasonable agreement
with the obtained elemental analysis data (calculated (% ):
C 14.0, N 5.5; found: C 14.53, N 4.95).

The structure of STA-12(Co) was refined by the Rietveld
method, by using the GSAS suite of programs,*! against
laboratory powder X-ray diffraction data (Feyg,, A=
1.930642 A). The structure of as-prepared STA-12(Ni) was
used as the starting model, with the unit cell derived from
Le Bail fitting. Positions of physisorbed water molecules
were retained from STA-12(Ni) and the reduced number of
physisorbed water was accounted for by changes in the oc-
cupancy of the water sites. Full details of the refinement are
given in the Supporting Information (the refined structure is
shown in Figure 1). The final profile fit (Figure 2) shows
good agreement with the observed diffraction pattern, with
a final R,,=3.51%, indicating that STA-12(Co) is isostruc-
tural with STA-12(Ni).

The porosity of STA-12(Co) was confirmed by N, adsorp-
tion at 77 K on dehydrated samples of STA-12(Co). Samples
were pretreated at 140°C for 180 min and found to have a
pore volume of 0.10 cm®>g™" (at p/p,=0.4; Figure 3). The po-
rosity of STA-12(Co) is approximately half that of STA-
12(Ni). Both the uptake of gas from p/p,>0.5 and the hyste-
resis are caused by intercrystalline void space, that is, there
are void spaces between the agglomerated crystallites which
have approximately mesoporous free diameters, giving rise
to similar isothermal characteristics to materials containing
mesopores.

Chem. Eur. J. 2012, 18, 887-898
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Figure 1. Refined structure of hydrated STA-12(Co), showing one com-
plete unit cell and the hexagonal arrangement of the channels. Positions
of the physisorbed water molecules are shown as O atoms (red spheres)
within the unidirectional channels. Dashed lines indicate one unit cell.
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Figure 3. Isotherm for the adsorption (e) and desorption (0) of N, on
fully dehydrated STA-12(Co) at 77 K, showing an uptake of 2.9 mmolg~*
(p/py=0.4), and indicating that STA-12(Co) has a pore volume of

0.10 cm®g~'. STA-12(Co) was pretreated by heating at 140°C for 180 min
under vacuum.

(21%) to styrene oxide. Roughly twice the amount of N-
formyl-N-methylformamide (FMF) was formed during the
reaction with respect to converted styrene. The incomplete
mass balance obtained from
GC analysis throughout the re-

I

action might be accounted for

|
x 108

x10°*
2.0

20

1.0
T
0.0

T

bbb Ao G
Vo et b it o

' ' by styrene oligomerization.
1 Thus, (E)-stilbene was used for
further studies as it is less
prone to oligomerization.

N (E)-Stilbene was readily con-
4 verted into trans-stilbene oxide
and the mass balance from GC
analysis was close to 100%

15
I
iy e S A S U
1.0
T

et

Counts

(Figure 5). Almost full conver-

— 20.0 30.0 40.0

£ .4 P OF

0.5
N
2
Q
@
Q

sion was obtained after 12h
and the amount of FMF was

-
[T [N I T T I I B TR BT
Ah "

0.0

[T R T T N N A T N T TR TR Y]

o NN R

found to be about 1.6 times the

Counts

| | | |

quantity of converted stilbene.
It should be noted that the for-

10.0 20.0 30.0 40.0
26, deg.

Figure 2. Rietveld plots in the range 20=7.2-60° and 20-60° (inset) for the refinement of STA-12(Co) from
laboratory powder diffraction data (Stoe STADI P, Fey,,, A=1.936042 A) measured at 298 K. Experimental
data: red; fitted data: green; difference plot: purple; peak positions: black ticks. Peak at 20=27° excluded,

shown as vertical green lines in the fitted data.

STA-12(Co) as a heterogeneous epoxidation catalyst in
DMF: The Co-based metal-organic framework was used as
an epoxidation catalyst in DMF with molecular oxygen as
the oxidant. In the first set of experiments, the epoxidation
of styrene was investigated, giving styrene oxide, benzalde-
hyde, and benzoic acid as the major products detectable by
GC and accounting for roughly 60% of the mass balance.
The rate of product formation increased steadily in the be-
ginning of the reaction, giving a noticeable induction period
of approximately 30 min (Figure 4). The reaction was com-
plete after Sh and exhibited only a very low selectivity

Chem. Eur. J. 2012, 18, 887—-898
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50.0 60.0 mation of a slightly larger
amount of FMF in the case of
styrene epoxidation took only
5 h. It appears that FMF forma-
tion depends on the type of
olefin and correlates with the
conversion. FMF was also
formed in the absence of a sub-
strate but in significantly lower quantities. The selectivity for
trans-stilbene oxide was close to 90% and a low selectivity
toward benzaldehyde (=5 %) was found, assuming that two
molecules of benzaldehyde are formed from one (E)-stil-
bene molecule. Co;0, also exhibited some catalytic activity
(Table 1), whereas essentially no product formation was
found in the absence of a catalyst. An analogous mixed
metal STA-12(Co,Ni) catalyst (1:3 ratio) showed virtually no
catalytic activity (3% conversion after 12 h), suggesting that
the organic backbone of the MOF is inactive. In comparison
to the (E)-isomer, (Z)-stilbene was epoxidized very slowly,
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Figure 4. The epoxidation reaction of styrene with the Co-based metal—
organic framework material STA-12(Co). The graph shows styrene con-
version (M), as well as the selectivity for styrene oxide ([J), benzalde-
hyde (@), and benzoic acid (Q). Reaction conditions: styrene
(2.0 mmol), biphenyl (100 mg), DMF (30 mL), O, (50 mLmin""), and
STA-12(Co) (2.0 mg) at 100°C.
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Figure 5. The epoxidation reaction of (E)-stilbene by use of STA-12(Co).
The graph shows (E)-stilbene conversion (H), as well as the selectivity
for trans-stilbene oxide (A) and benzaldehyde (@). Reaction conditions:
(E)-stilbene (2.0 mmol), biphenyl (100mg), DMF (30mL), O,
(50 mLmin~"), and STA-12(Co) (2.0 mg) at 100°C.

Table 1. Aecrobic epoxidation of (E)-stilbene in DME.

Catalyst Time Conversion Selectivity
[h] [%] [%]

- 10 <1 -

Co;0, 12 15 68

STA-12(Co) 12 95 89

STA-12(Co, Ni) (Co/Ni=1:3) 12 3 60

[a] Reaction conditions: (E)-stilbene (2.0 mmol), Co (0.4 mg), biphenyl
(100 mg), DMF (30 mL), and O, (50 mL min").

although it also gave frans-stilbene oxide (see Table 3,
entry 1 below). Isomerization of (Z)- to (E)-stilbene was not
observed.

To assess its stability, the catalyst was tested for reusabili-
ty. Some deactivation was observed that mainly caused a
longer induction period, after which time the reaction rates
were comparable (see the Supporting Information). SEM
and XRD analysis of a fresh and a used sample of the cata-
lyst did not show any significant differences, suggesting that
the MOF remained in its initial crystalline state (Figure 6).
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Figure 6. Comparison of fresh and used STA-12(Co) catalyst. a) SEM
image of the fresh catalyst (scale bar: 200 nm), b) SEM image of the
used catalyst (scale bar: 200 nm), and c) XRD pattern of fresh and used
catalysts.
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One reason for the observed deactivation might be the
blocking of pore entrances or poisoning of free Co sites by
amines formed from DMF during the reaction (see below).

Heterogeneous versus homogeneous catalysis: An important
issue in MOF catalysis is to assess whether the catalysis pro-
ceeds mainly homogeneously or heterogeneously® *! since
dissolvable impurities or MOF degradation might also ac-
count for any observed catalytic activities. Thus, the catalyst
was removed by hot filtration after the induction period. As
can be seen in Figure 7, the reaction proceeds after catalyst
removal, but with a significantly reduced reaction rate.
Indeed, analysis of the reaction mixture by atomic adsorp-
tion spectroscopy (AAS) showed some Co leaching of
0.40 ppm, amounting to approximately 3% of the employed
Co. Subsequent dissipation of the MOF during the reaction
can, however, be excluded as a cause for the catalytic activi-

Chem. Eur. J. 2012, 18, 887-898
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Figure 7. Comparison of the epoxidation with and without catalyst re-
moval (after 9 h as indicated by the arrow). (l) (E)-stilbene conversion
with STA-12(Co); (A) (E)-stilbene conversion with STA-12(Co) removal
after 9h. Reaction conditions: (F)-stilbene (4.0 mmol), biphenyl
(100 mg), DMF (30 mL), O, (50 mLmin™"), and STA-12(Co) (2.0 mg) at
100°C.

ty and the induction period; addition of (E)-stilbene to an
oxygen-pretreated mixture of the Co-MOF and DMF
(100°C over 12 h) did not result in a higher reaction rate. In
fact, the induction took even longer due to catalyst deactiva-
tion and a similar amount of leaching was found (0.44 ppm).
Overall, this indicates that the main catalytic route is heter-
ogeneous in nature although a minor contribution from ho-
mogeneous catalysis cannot be excluded.

Indeed, homogeneously dissolved Co salts (cobalt(III)
acetylacetonate and cobalt(II) acetate) show considerable
activity. By using the same amount of Co as in the heteroge-
neous experiments, both (E)- and (Z)-stilbene were convert-
ed faster (Figure 8) and without exhibiting an induction
period. The conversion of (E)-stilbene occurred in two ki-
netically distinct phases; in the first phase, the reaction was
(pseudo-)zeroth-order with respect to the substrate concen-
tration. Toward the end of the reaction the amount of sub-
strate became rate limiting and so the reaction became
(pseudo-)first order. In contrast, the conversion of (Z)-stil-
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Figure 8. Comparison of the epoxidation reaction of (E)- (l,J) and (Z)-
stilbene (@,0O) with homogeneous cobalt complexes. The graph shows
(E)-stilbene conversion (M) and the selectivity for the formation of
trans-stilbene oxide ([J) from (E)-stilbene, as well as (Z)-stilbene conver-
sion (@) and the selectivity for the formation of trans-stilbene oxide (O)
from (Z)-stilbene. Reaction conditions: stilbene (2.0 mmol), biphenyl
(100 mg), DMF (30 mL), O, (50 mLmin "), and [Co(acac),] (2.4 mg).
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bene always proceeded as a (pseudo-)first-order reaction
(after the short initial induction period). The selectivities
were similar to those with the MOF catalyst and in the vi-
cinity of 90% for (E)- and 80% for (Z)-stilbene. Interest-
ingly, both Co" (from Co(ac),-4H,0; ac=acetyl) and Co™
(from [Co(acac),]; acac =acetylacetonate) salts were equally
active at the same concentration, meaning that the Co oxi-
dation/reduction occurs rapidly and is not a limiting factor
for the homogeneous catalyst. The difference in induction
time between homogeneous and heterogeneous catalysts ap-
parently does not result from pore-diffusion limitations (due
to the extensive microporous system) since a simple initial
inhibition because of slow stilbene diffusion into the micro-
pores of the MOF can be ruled out as a reason; keeping the
MOF catalyst and (E)-stilbene in DMF under a high N,
flow for 12 h and then switching to oxygen did not reduce
the induction period.

Influence of reaction parameters: As the next step, the ef-
fects of temperature, catalyst amount, substrate concentra-
tion, and oxygen flow rate were studied. Higher tempera-
tures enhanced the reaction rate. At 60°C, the conversion
was only 7% after 10 h, whereas at 120°C the reaction was
almost complete (95% conversion, Figure 9a). Interestingly,
the selectivity for the epoxide was lowest at 60°C (48%).
Low epoxide selectivity was, on the other hand, always ob-
tained at low conversions. Above 80°C, the temperature
had little effect on the epoxide selectivity, which was then
close t0 90%.

The reaction rate was highly dependent on the oxygen
flow rate (Figure 9b). This is interesting because the overall
reaction rate is low and the consumption of oxygen should
be overcompensated for by low gas flow rates. Epoxidations
with gold catalysts proceed at similar rates® and were con-
ducted in an open reaction vessel without any additional
oxygen flow. In this study, the faster removal of volatile cat-
alyst poisons, such as amines (see below), might be the
cause of the benefits from high gas flow rates. Consequently,
reaction mixtures became considerably darker after 12h
when the flow rate was low, potentially due to amine oxida-
tion products. This was, however, not the sole reason for the
observed effect. The use of air instead of pure oxygen with
the same flow rate resulted in lower conversions. After 6 h,
the conversion was 8% with an air flow of 50 mLmin™'
compared with 38% with 50 mLmin~' oxygen. Thus, high
oxygen availability is crucial to this reaction.

The reaction rate did not increase steadily with the
amount of catalyst (Figure 9¢), but rather exhibited an opti-
mal cobalt to substrate ratio of 0.34 mol % (80 % conversion
after 10 h) and larger quantities of cobalt did not significant-
ly influence conversion under the chosen conditions, as has
been found previously.'”l This might indicate that the reac-
tion rate is limited by mass transfer effects.

Furthermore, the substrate concentration had a peculiar
effect on the catalytic process (Figure 9d). With a higher ini-
tial concentration of reactants, a higher conversion was
found after 10 h when keeping the catalyst/substrate ratio

www.chemeurj.org — 891
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water, making the latter an inhibitor in high concentrations.

Amines as inhibitors: In a closed reaction system (that is, an

Figure 9. The influence of a)temperature, b)oxygen flow, c) catalyst
amount, and d) reactant concentration on the epoxidation of (E)-stilbene.
Reaction conditions: (E)-stilbene (2.0mmol), biphenyl (100 mg), DMF
(30 mL), O, (50 mLmin™"), STA-12(Co) (2.0 mg) at 100°C for 10 h. Var-
iations: a) temperature: 60-120°C; b) oxygen flow: 0-100 mLmin~" for
6 h; c) substrate to catalyst ratio: 30-1200; d) DMF: 20-40 mL (Ml =(E)-

autoclave), the selectivity and conversion dropped signifi-
cantly even though relatively high oxygen pressures were
applied (Table 2, entry 3) resulting in high oxygen availabili-
ty, which had proved to be beneficial in experiments per-

stilbene conversion; A =epoxide selectivity).

constant, that is, by using different amounts of sol-
vent. In this way, the solvent-to-catalyst ratio also
changes. This effect was, however, only seen for
long reaction times and variations in the concentra-
tion through the solvent amount. When varying the
amount of substrate, but leaving the catalyst and
solvent amount the same (Figure 10), the reaction
rate (expressed in moles/time) was barely sensitive
to the substrate concentration at sufficiently high
concentrations, as was also observed with the ho-
mogeneous Co catalyst (see above). Thus, the heter-
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formed in an open reactor. Reference [23] also states a

Table 2. Influence of solvent, closed/open system, and additives on the epoxidation re-
action.l”!

Entry  Solvent O, flow! Additive Time Conversion  Selectivity
pressurel! [h] [%] [%]
1 DMF 50 mLmin™! - 12 95 89
2 DMAc 50mLmin™' - 8.5 97 64
3 DMF 7.5 bar - 10 25 52
4 DMAc 7.5 bar - 10 73 41
5 DMF 7.5 bar NaH,PO, 10 6 64
6 DMF 7.5 bar CH;COOH 10 49 68

[a] Reaction conditions: (FE)-stilbene (2.0 mmol), STA-12(Co) (2.0 mg), biphenyl
(100 mg), and DMF (30 mL) at the oxygen flow/pressure indicated. [b] Flowing
oxygen in an open glass reactor system. [c] Oxygen pressure applied in a closed reac-
tor system.
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lower conversion observed in closed reactors although other
studies investigating epoxidation reactions in a closed reac-
tor under elevated oxygen pressure only found small differ-
ences. "l One reason for the higher conversion in open-re-
actor systems might be the formation of amines from DMF
decomposition, which coordinate at the free Co sites. The
high volatility of the amines ensures their quick removal in
an open reactor, which is not possible in an autoclave. Addi-
tionally, in a closed system, epoxidation in DMAc gave a
significantly higher conversion (Table 2, entry4) than in
DMF. DMACc is more stable toward decomposition*! and
thus the amine concentration should be lower in this sol-
vent. This also explains, at least in part, the lower observed
catalytic activity in DMF compared to DMAc in an open
system. Although the addition of NaH,PO, as an amine
scavenger had a negative effect on the epoxidation reaction
(Table 2, entry5), the presence of acetic acid (Table 2,
entry 6) doubled the conversion. In an open system, both
the activity of the MOF catalyst and of dissolved Co species
could be completely inactivated by constant addition of di-
ethylamine. This underlines the fact that a free coordination
site at the Co centers is required for catalytic activity.

Involvement of radical species: DMF promoted epoxida-
tions are widely assumed to occur through a radical reaction
pathway. Indeed, the reaction rate was significantly de-
creased upon addition of either of two different radical scav-
engers, that is, 4-tert-butylcatechol and 2,6-di-tert-butyl-4-
methylphenol. Radical reactions usually feature an induc-
tion period—as observed in this study—in order to form a
steady-state radical concentration. However, the addition of
radical initiators, such as azobis(isobutyronitrile) (AiBN),
had no effect on the initial reaction rate. The initial conver-
sion was fast with fert-butylhydroperoxide (TBHP; 5 mol % )
but then continued as in the other experiments. TBHP can
thus be regarded as an epoxidizing reagent that is rapidly
consumed in the beginning of the reaction and not as an ini-
tiator.

To further shed light on the possible involvement of radi-
cals in this reaction, the reaction mixture was investigated
with EPR spectroscopy under in situ conditions. However,
free organic radicals could not be detected although poten-
tial free radicals could be EPR inactive due to coupling or
their concentration could be below the limit of detection.
The inhibiting effect of radical scavengers might also be due
to adsorption or coordination to free Co sites.*! A signal at
g=2.0076 was found that can be ascribed to Co™-O,* (su-
peroxo) species formed from the reaction of Co" with
oxygen.™ These can already be found in the solid catalyst
measured ex situ and thus are not formed specifically under
the reaction conditions. Hence, their formation is likely not
connected to the induction period. Note that Co™-peroxo
species, which might also form from reaction of Co" with
0,, are not EPR active.P!

Co-epoxidation of styrene and (E)-stilbene: Driven by the
observation that styrene epoxidation not only proceeds
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faster but also features a shorter induction period, the co-
epoxidation of styrene and (E)-stilbene was investigated,
thus doubling the substrate/catalyst ratio (Figure 11a). Al-
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Figure 11. Co-epoxidation of styrene and (E)-stilbene and the effect of
the presence of benzaldehyde on the reaction. a) Comparison of separate
styrene and (E)-stilbene conversion (Il =(E)-stilbene, @ =styrene) with
the co-epoxidation of styrene (O) and (E)-stilbene ([J). b) The effect of
benzaldehyde addition (0.2 mmol) on (E)-stilbene conversion (@ =sty-
rene and stilbene; A =benzaldehyde; M =no additives). Reactions condi-
tions: (E)-stilbene and/or styrene (2.0 mmol), biphenyl (100 mg), DMF
(30 mL), O, (50 mLmin""), and STA-12(Co) (2.0 mg) at 100°C.

though the catalyst amount was not increased, the presence
of styrene induced much faster conversion of (E)-stilbene.
At the same time, the conversion of styrene became only
slightly slower at medium conversions. Co-epoxidation with
styrene also had a strong effect on the conversion of (Z)-
stilbene, which increased from 11 to 58% after 10 h. This
effect was not observed for the homogeneous Co catalysts
for either (E)- or (Z)-stilbene epoxidation (Table 3, entries 3
and 4) and might be an effect related to the special features
of the MOF. Styrene, being smaller than (E)-stilbene, can
diffuse more easily into the micropores of the MOF. Howev-
er, a transfer-epoxidation from styrene oxide to (E)-stilbene
does not account for the styrene promotion because styrene
oxide as an additive did not have any promoting effect. even
in large quantities. Oxygen transfer from styrene oxide as
the potential oxidizing agent of (E)-stilbene was also not ob-
served under reaction conditions with a N, flow instead of
O,.
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Table 3. Epoxidation of (Z)-stilbene with heterogeneous and homogene-
ous Co catalysts.!

Entry Catalyst Styrene Conversion Selectivity
promotion [%] [%]

1 STA-12(Co) no 11 92

2 STA-12(Co) yes 58 86

3 [Co(acac);] no 66 80

4 [Co(acac);] yes 65 92

5 Co;0, no 9.4 53

[a] Reaction conditions: (Z)-stilbene (2.0 mmol), Co (6.8 pmol) as the
catalyst, biphenyl (100 mg), and DMF (30 mL) for 10 h with flowing O,
(50 mLmin~"). Optional styrene addition: 2.0 mmol.

Two major differences between MOF-catalyzed styrene
and (E)-stilbene conversion are the higher reaction rate for
the reaction of styrene and the higher selectivity for benzal-
dehyde formation (styrene: ca. 12%; (E)-stilbene: ca. 5%)
for the former. Thus, styrene conversion affords a compara-
bly high benzaldehyde concentration even at the beginning
of the reaction. Indeed, benzaldehyde being the major by-
product could explain the observed promoting effect—as
with the presence of styrene, the (E)-stilbene reaction rate
was enhanced by addition of substoichiometric amounts of
benzaldehyde (Figure 11b). Nevertheless, benzaldehyde did
not have a promoting effect on the activity of homogeneous
Co catalysts.

Formation of oxidizing species: Triphenylphosphine is fre-
quently used to scavenge thermally unstable peroxides for
GC analysis. Furthermore, in this study, triphenylphosphine
oxide was found when PPh; was added to the samples taken
for GC analysis, indicating the presence of peroxides. Over
time, the amount of peroxide increased steadily. In a similar
manner to FMF formation, peroxides were also formed in
lower amounts in the absence of the substrate. With homo-
geneous catalysts, the formation of peroxides proceeded at a
higher rate that correlates with the higher product-forma-
tion rate. In general, peroxides can serve as epoxidizing
agents, as shown, for example, for gold catalysts.*? In this
case, however, peroxides proved to be almost irrelevant for
the epoxidation, since an oxygen pretreated (that is, perox-
ide-containing) mixture of DMF and Co-MOF did not
affect the (E)-stilbene epoxidation after substrate addition
under a N, atmosphere; after 12 h, a conversion of only 3 %
was found with a low epoxide selectivity of 60 %, represent-
ing only a minor reaction pathway. This is principally in ac-
cordance with the lower epoxidation activity of H,0O, in
DMF with respect to O, described previously."®' Further-
more, in this study, the addition of PPh; to the reaction mix-
ture inhibited the formation of products and only small
amounts of OPPh; were formed. PPh; likely coordinates to
the free Co sites and thus acts as a catalyst poison.

EXAFS investigations under reaction conditions: To under-
stand the complex catalytic process more thoroughly, XAS
experiments were conducted. The Co K-edge FT EXAFS
spectra of the fresh and used catalyst were very similar. Fit
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results suggest that the structure of STA-12(Co) is similar to
that of hydrated STA-12(Ni)?! with a Co—-O/N coordination
number of 6 and an additional Co—Co and Co—P shell
(Table 4). It should be noted that during fitting no distinc-

Table 4. Fit results for fresh (ex situ) and used (ex situ) STA-12(Co), as
well as STA-12(Co) under the reaction conditions (in situ). The damping
factor S, was set to 0.8 in all fits.

Shell N R[A] @ AE, [eV]
fresh STA-12(Co)®!

Co—-O 5.9 2.10 0.0085 -31
Co—Co 4.1 3.23 0.0049 -31
Co—P 4.7 3.23 0.0032 -31
used STA-12(Co)"

Co—-O 5.4 2.09 0.0077 —4.1
Co—Co 1.1 3.23 0.0023 4.1
Co—P 4.4 3.28 0.010 4.1
STA-12(Co) in DMF (in situ)!‘!

Co—0O 2.5 2.04 0.0077 -52
Co—Co 2.0 3.18 0.0097 -52
Co—P 33 3.20 0.013 -52

[a] Fitted in k=2.5-13 A~!; R=1.2-3.8 A; residual 5.1. [b] Fitted in k=
2.5-13 A'; R=1.2-3.6 A; residual 7.7. [c] Fitted in k=2.5-12A"'; R=
1.2-3.2 A; residual 3.9. [d] Fixed during refinement.

tion between Co—N and Co—O contributions was made. The
large Debye—Waller factor indicates a low symmetry of the
Co—N/O polyhedra. In addition, the similar lengths of the
Co—Co and Co—P backscattering paths complicate their dif-
ferentiation and lead to inaccurate coordination numbers.
The fitted Co—Co and Co—P distances are in reasonable
agreement with XRD data.

The catalyst was also investigated in situ with X-ray ab-
sorption spectroscopic measurements in a closed autoclave
(for safety reasons). Upon addition of DMF to the catalyst
pellet, the white-line intensity dropped and the pre-edge
peak became more pronounced (Figure 12b). The latter is
usually ascribed to a reduction in symmetry that might be
caused by incorporation of DMF into the pores of the cata-
lyst. Heating the catalyst and the reaction mixture to 100°C
did not induce further structural changes in the catalyst over
8 h, which therefore showed no major catalyst decomposi-
tion. The data quality was too poor for individual data fit-
ting of each spectrum but required averaging of all of the
similar spectra in DMF (Table 4). It appears that the fitted
Co—O/N coordination number decreases significantly on ad-
dition of solvent due to a change in the geometry of the Co
coordination sphere as is also suggested by the pre-edge fea-
ture. It should be noted, however, that EXAFS is not a sur-
face-sensitive method and thus changes occurring at the
outer surface of the MOF are most likely not observable.

Discussion
The presented STA-12(Co) catalyst effectively catalyzes the

epoxidation of olefins in DMF. The absolute amount of cat-
alyst necessary for a reasonable conversion could be de-
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Figure 12. EXAFS and XANES investigations of the as-prepared and in
use/used STA-12(Co). a) Fourier transformed Co K-edge EXAFS data of
the fresh (-—-) and used (—) catalyst; b) in situ Co K-edge XANES
spectra of STA-12(Co) before and during the epoxidation in DMF; inset:
the pre-edge region.

creased by two orders of magnitude compared with reports
in the literature on zeolite catalysts.!! It should be noted
that the high metal content in comparison with zeolites is
most likely not the origin of the higher activity (with respect
to the catalyst mass); this selectivity difference is more
likely due to an intrinsically higher activity of the active
sites. The conversion of styrene occurred quickly, but with
only very low selectivity (around 20%) and was accompa-
nied by the formation of unknown (presumably oligomeric)
side products, as suggested by the incomplete mass balance.
This is likely a common side reaction for styrene in DMF at
elevated temperatures.

Various examples in the literature of aerobic epoxidations
in DMF with Co-based solid catalysts (for examples see, ref-
erences [22,53]) report styrene oxide selectivities of higher
than 60%, which are, however, calculated on the basis of
benzaldehyde and styrene oxide being the only products.
The use of the same estimation matrix for this study would
also result in selectivities well above 60 %. Additionally, sty-
rene was distilled prior to its use in this study so that stabil-
izers were removed. In contrast, the MOF catalyst convert-
ed (E)-stilbene with high selectivity, between 80 and 90 %.
Average turn-over frequencies were higher in this study, at
around 20 h™', compared with maxima around 8 h™* given in
Reference [21] under similar conditions calculated on the
basis of the overall Co amount. Alongside the epoxidation
reaction, large amounts of byproducts not directly attributa-
ble to the olefin were formed in over- and near-stoichiomet-
ric amounts, that is, N-formyl-N-methylformamide (FMF) as
a solvent oxidation product and presumably free peroxides,
both hinting at the complexity of the reaction mechanism.
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A side-by-side comparison of the MOF catalyst with the
homogeneous catalysts employed here is difficult due to the
difference in ligand spheres. Better homogeneous analogues
of the MOF would bear an N,N'-piperazinebis(methylene-
phosphonate) ligand but due to the distinct Co network in
the MOF this would still not allow for accurate comparison.
Differences show, however, that effects seen for the MOF
cannot be generalized for all types of Co catalyst (for exam-
ple, the homogeneous catalysts behave differently). A major
difference is the appearance of an induction period with the
MOF. One reason for the induction period was traced back
to the gradual formation of benzaldehyde, which was found
to be connected to the catalytic activity of the MOF and
served as an explanation for the unexpected promoting role
of another substrate, styrene, on the conversion of the inves-
tigated stilbene isomers.

Other reasons for the induction period were also investi-
gated. For example, it seems unlikely that pore diffusion
had an effect despite the fact that the micropores of the
MOF (ca. 1 nm) are similar in size to the stilbene isomers
(ca. 1 nm) and therefore diffusion should influence the in-
duction period (and reaction rate)—if epoxidation takes
place in the pores. Since the presence of benzaldehyde will
hardly influence stilbene diffusion and MOF pretreatment
with stilbene under N, did not shorten the induction period,
the MOF is likely active through only its outer surface. The
efficacy of the MOF catalyst is therefore still limited by dif-
fusion issues relating to the inaccessibility of the MOF mi-
cropores. Consequently, smaller particle sizes (for example,
in a supported version of the MOF) could allow a further
reduction of the overall amount of catalyst required.

Opre et al.™ have suggested that epoxidation might occur
via a DMF-derived peroxide that would need to be formed
prior to product formation. Although DMF oxidation is the
cause of the pronounced solvent effect, a link between its
conversion and the formed peroxides could not be estab-
lished in this case. Subsequent leaching of the MOF to re-
lease catalytically active Co species is also not responsible
for the initial increase in the reaction rate. The reaction was
shown to be primarily heterogeneous and pretreatment of
the MOF in DMF did not shorten the induction period al-
though a small amount of leaching could be found.

Furthermore, in situ EPR investigations suggested that
the formation of Co—O,* species is also not the origin of the
induction period because these are already present in fresh
STA-12(Co). The formation of a steady-state radical concen-
tration could also not be confirmed to be a cause for the in-
duction period and the reaction. It should be noted that it is
possible that the radical concentration was below the limit
of detection by EPR spectroscopy. Thus, the primary reason
for the induction period appears to be the formation of ben-
zaldehyde, which then promotes the reaction.

The exact role of benzaldehyde in this reaction is unclear
at this point, but its influence is not similar to the Mukaiya-
ma epoxidation, because only tiny amounts of benzoic acid
were detected and the mass balance was closed for the ep-
oxidation of the stilbene isomers. Considering that radical
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initiators had little effect on the reaction rate, benzalde-
hyde-derived radicals will likely also not be the origin of the
observed activating effect. Since the presence of benzalde-
hyde affects the catalyst activity, this might serve as an ex-
planation for the small influence of the amount of MOF
used on the catalytic reaction, although mass transport limi-
tations are also conceivable. Clearly, further studies are nec-
essary to elucidate the effect of benzaldehyde.

With respect to the actual epoxidizing agent, three species
are conceivable, from which free peroxides found in high
concentrations can be excluded on the basis of the experi-
mental results obtained in this study. The reaction of Co"
with O, can result in two different species, namely, Co-su-
peroxo species and (mainly) binuclear Co-peroxo species.””
These species are interrelated as Co™—0,* can (possibly re-
versibly) bind to Co" molecules with one available coordina-
tion site, as shown for Co complexes in water.*~" Binuclear
Co-peroxo complexes also form in DME[F In the cited
studies, the formation of peroxo-species was favored over
the formation of superoxo-species. Typical Co-Co distances
in binuclear Co-peroxo complexes are around 4.5 A P5%)
which is similar to the Co-Co separation in the MOF
(4.87 A). However, the free coordination sites of the respec-
tive Co ions point toward the center of different channels,
making the occurrence of binuclear peroxides unlikely be-
cause it would require significant restructuring of the MOF,
which was not found by in situ EXAFS. Thus, radical super-
oxo species, found by EPR spectroscopy, appear to be rea-
sonable candidates for explaining the epoxidation activity of
the MOF material. It should be noted, however, that the
chemical nature of surface-bound Co species is unknown
and principally inaccessible by the characterization tech-
niques employed herein.

With the assumption that Co superoxo species are re-
quired for catalytic activity, a preliminary mechanism is pro-
posed, as shown in Scheme 1. The role of benzaldehyde in
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Scheme 1. Proposed reaction mechanism for the epoxidation of stilbene
assuming an activated Co center as the active species.
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the MOF-catalyzed reaction was clearly observed and is in-
terpreted in terms of an activation of the active site (step 1)
the exact nature of which still needs to be elucidated. Con-
trol of the catalyst activity by the benzaldehyde concentra-
tion would explain the limited influence of the MOF
amount on the reaction rate (although mass transport limita-
tions may also account for this observation). Activated Co"
sites then react with molecular oxygen, from which the for-
mation of Co-superoxo radicals, which are sensitive to radi-
cal scavengers, is conceivable (step 2). Competition for the
free Co coordination site between the ligands present in the
solution (for example, DMF and amines) and oxygen would
explain the beneficial influence of high oxygen flow rates
(step 2a). In step 3, the reaction between stilbene and Co-
activated oxygen affords an intermediate complex. The for-
mation of the epoxide is not concerted because both (E)-
and (Z)-stilbene afford trans-stilbene oxide. Since the same
product is formed from both stilbene isomers their differ-
ence in reactivity cannot be from desorption (step 4), which
is thus not the rate-limiting step. The remaining step re-
quires regeneration of the catalyst from the Co™ species
through oxidation of the solvent (step 5), explaining both
the strong solvent influence and the observed solvent oxida-
tion. Regeneration of the catalyst would be fast compared
with the other steps because the reaction rate clearly de-
pends on the type of substrate. Although the proposed reac-
tion mechanism is speculative, it explains the observations
made in this paper. Nevertheless, more data is needed to
provide evidence for the postulated intermediates.

Conclusion

The metal-organic framework STA-12(Co) features high ac-
tivity in the aerobic epoxidation of various olefins in DMF.
In comparison with the commonly applied zeolites, the abso-
lute amount of catalyst was significantly reduced. The struc-
ture of STA-12(Co) is similar to the previously reported
STA-12(Ni). The selectivity in styrene epoxidation was low
due to substrate oligomerization. In contrast, both (E)- and
(Z)-stilbene were epoxidized with high selectivities between
80 and 90 %, featuring an induction period of a few hours.
Within the catalytic reaction, the solvent served as a sacrifi-
cial reductant. Free peroxides formed in considerable
amounts but could not be connected to the epoxidation re-
action. The reaction rate increased with oxygen flow rate,
higher temperatures, and substrate concentration (by vary-
ing solvent amounts). The substrate-to-catalyst ratio exhibit-
ed an optimum at approximately 0.3 mol% (with
50 mLmin~' O,). The catalyst was reusable with only minor
deactivation although no major structural changes were ob-
served by SEM, XRD, and EXAFS spectroscopy, underlin-
ing the stability of the MOF under the reaction conditions.
The reaction proceeded mainly heterogeneously, with minor
contributions from leached Co. Homogeneous Co was
indeed found to be very active for the epoxidation and ex-
hibited no induction period. The substrate-dependent induc-
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tion period of the Co-based MOF catalyst and the beneficial
effect of styrene on stilbene epoxidation could be linked to
the promoting effect of benzaldehyde, which is only observ-
able for the Co-MOF catalyst and not for homogeneous Co
catalysts. Both the reaction catalyzed by homogeneous Co
and STA-12(Co) were (pseudo-)zeroth order with respect to
the substrate at high concentrations. A feasible catalytic
cycle accounting for the observations made in this study was
proposed that should be further substantiated in future stud-
ies on other Co-based catalysts.

Experimental Section

Synthesis of STA-12(Co): STA-12(Co) was synthesized hydrothermally
by reaction of cobalt(II) acetate and N,N'-piperazinebis(methylenephos-
phonic acid) (H,L), prepared by the method reported by Mowat et al.l*"!
In a typical synthesis cobalt(II) acetate tetrahydrate (Sigma), H,L, potas-
sium hydroxide solution (freshly prepared, 1 molL™"), and water (20 mL)
were mixed, to give a reaction ratio of 2.0:1.0:2.12:900, in a Teflon lined
autoclave (40 mL). The reaction was stirred for 30 min and an initial pH
of 8 was recorded. The autoclave was then sealed and heated at 220°C
for 72 h. The resulting purple powder was collected by vacuum filtration,
washed with water, and dried overnight at 40°C. Phase purity was con-
firmed by powder X-ray diffraction using a Stoe STADI P powder dif-
fractometer with an Fey,, radiation source (1=1.930642 A). The compo-
sition of STA-12(Co) was determined jointly by elemental analysis by
using a CEInstruments EA1110 CHNS analyzer, thermogravimetric anal-
ysis (TGA) by using a Netzsch TG 209, and energy dispersive X-ray
spectroscopy (EDX) by using a JEOL JSM-5600 scattered-electron mi-
croscope (SEM) fitted with an Oxford Instruments INCA Energy 200
EDX system. Porosimetry measurements were made gravimetrically by
using a Hiden Isochema IGA at 77 K.

Catalytic tests: Catalytic test reactions were performed in a three-necked
flask (50 mL) equipped with a reflux condenser, magnetic stirrer, and gas
inlet. Because the system was sensitive to minute amounts of Co, clean-
ing the flask with aqua regia prior to each experiment was necessary. In a
typical reaction, the flask was charged with DMF (30 mL) and immersed
in an oil bath kept at 100°C under vigorous stirring. Oxygen was fed to
the reaction mixture through the gas inlet at 50 mLmin~'. After a short
time (15-30 min), biphenyl (100 mg) as an internal standard, STA-12(Co)
(2.0 mg), and the olefin (2.00 mmol; styrene, (E)- or (Z)-stilbene) were
added. Samples for GC analysis were taken at regular intervals. GC anal-
ysis was performed with an HP 6890 series gas chromatograph equipped
with an FID detector and an HP-5 GC column (Agilent Technologies).
Used catalyst for recycling experiments was obtained from an experiment
in which 20 mg instead of 2.0 mg were employed because of difficulties in
recovering the small catalyst amount used in the standard experiment.
Autoclave reactions were carried out in a stainless steel autoclave
(100 mL) with a PTFE inset. The reactor was charged with the same
amounts of DMF, (E)-stilbene, biphenyl, and STA-12(Co) as described
above. A magnetic stirrer was added, the autoclave sealed, purged sever-
al times with oxygen and finally pressurized to the desired oxygen pres-
sure. The autoclave was immersed in an oil bath heated at approximately
110°C so that the internal temperature of the autoclave was 100°C. After
the reaction, the autoclave was cooled to room temperature and carefully
vented to prevent loss of material. Product analysis was performed by
GC as described above.
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