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Heterogeneous Catalytic Oxidation by MFU-1:
A Cobalt(II)-Containing Metal-Organic Framework

Markus Tonigold, Ying Lu, Bjorn Bredenkotter, Bernhard Rieger, Stefan Bahnmiiller,
Julia Hitzbleck, Gerhard Langstein, and Dirk Volkmer*

Porous metal-organic frameworks (MOFs) are a rapidly
emerging class of multifunctional hybrid materials that might
be useful for diverse technical applications, such as gas or
liquid adsorption and separation, molecular recognition, or
catalysis.'! Combining polycarboxylate ligands and (transi-
tion) metal ions, moderately robust MOFs can be prepared;
1,4-benzenedicarboxylate (bdc, terephthalic acid) and 4,4'-
biphenyldicarboxylate (bpdc) are often used as linkers.
Highly porous non-interpenetrated frameworks, such as the
well-known MOF-5 ([Zn,O(bdc);])??! or IRMOF-9 ([Zn,O-
(bpdc);])F! then form. These microporous MOFs generally
show good thermal stabilities (decomposition occurs at 7>
350°C). A fundamental disadvantage, however, is their low
hydrolytic stability: Decomposition of the framework occurs
rapidly when the gas or liquid phase contains a small amount
of water, which imposes severe limitations on their usage in
catalytic oxygenation reactions, in which water is a major
reaction product. Preliminary attempts to use MOF-5 as a
photocatalyst have been reported recently;F! however, the
fact that these frameworks contain Lewis acidic zinc(II) ions
only imposes severe limitations on their use in redox catalytic
applications in general.

Conceptually different approaches have been reported to
circumvent the intrinsic disadvantages of MOF-5-type frame-
works. Fischer et al. reported the gas-phase deposition of
volatile organometallic complexes in the open cavities of
MOF-5. Subsequent photolytic or reductive cleavage of the
precursors led to catalytically active metal clusters (Cu, Pd,
Au) that are finely dispersed in the MOF-5 framework.
Nguyen, Hupp etal. were among the first to present
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oxidations using a MOF catalyst.” They used an enantiomer-
ically pure manganese complex of a modified salen ligand as a
building block to construct a three-dimensional porous
framework. A distinct approach towards heterogeneous
asymmetric catalysis based on a homochiral metal-organic
framework was recently proposed by Lin et al.®! However,
industrial oxidation or oxygenation reactions typically require
very high turn-over numbers (TONs) and frequencies
(TOFs), which have not been achieved to date by current
MOF catalysts.

To produce thermally and hydrolytically stable redox-
active MOFs, our initial efforts focused on the isostructural
replacement of a single zinc ion by an open-shell transition
metal ion M within the tetranuclear {Zn,O} coordination unit
of MOF-5. However, all attempts in this direction led to
heteronuclear MOFs containing trinuclear coordination units
(for example, [MZn,(bpdc);(dmf),], M=Co", Ni, Cd"),
which are structurally different from MOF-5.) A search of
the CSD database, however, led to the tetranuclear complex
[Co",0(3,5-dmpz)s] (3,5-dmpz = 3,5-dimethylpyrazolate),'”
which is a structural analogue of basic zinc acetate, [Zn,O-
(OAc)g], the prototypic secondary building unit of MOF-5
(Figure 1). Thus, reacting the ligand 1,4-bis[(3,5-dimethyl)-
pyrazol-4-ylJbenzene (H,bdpb)!!l with suitable cobalt(II)
salts under solvothermal conditions led to formation of a
series of novel cobalt(IT)-based MOF compounds,'? one of
which, [Co",0(bdpb);] (MFU-1),[" is described herein.

Single crystals of MFU-1 were grown under solvothermal
conditions from solutions of the ligand H,bdpb and cobalt(1I)
chloride in DMF at 120°C (see the Supporting Information).
For a more efficient bulk synthesis of the phase-pure
compound, we employed a microwave system, which reduced
the reaction time from several days to a few minutes. X-ray
powder diffraction studies (Supporting Information, Fig-
ure S2) showed that microcrystals obtained from the micro-
wave-assisted synthesis are structurally identical to those
obtained from solvothermal synthesis, but they are signifi-
cantly smaller and more uniform in size (Supporting Infor-
mation, Figures S3, S4).1°!

MFU-1 crystallizes in space group P43m with a=
15.963 A The bdpb ligands and {Co,O} units are linked
into a non-interpenetrated network (Figure 2) of low density
(Ocarcd =0.43 gecm ™). The structure of MFU-1 is similar to
MOF-5, which has a CaBs-type framework topology. The
MFU-1 network encloses octahedral {Co,O(dmpz)s} nodes
that are reminiscent of the {Zn,O(CO,)} secondary building
units of MOF-5. Phenylene rings constituting the edges of the
cubic CaBg4 network. The framework has three-dimensional
intersecting channels that encompass almost spherical voids
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Figure 1. a) Replacement of acetate from basic zinc acetate, [Zn,O-
(OAC)¢]," with 1,4-benzenedicarboxylate (bdc) leads to MOF-5, [Zn,O-
(bdc);] .2 b) Similar to the case in (a), redox-active MFU-1 can be
derived from [Co",0(3,5-dmpz)]"™ by replacing dimethylpyrazolate
(dmpz) ligands with bdpb.

Figure 2. Crystal packing of MFU-1. {CoONs} coordination units are
shown as blue polyhedrons. Phenylene moieties of the bridging bdpb
ligands occupy two alternative positions with equal probability; only
one position is given. Hydrogen atoms are omitted for clarity.

with a volume of about 3100 A each (corresponding to an
equivalent diameter of 18.1 A; Figure?2). A structurally
related MOF network constructed from p,-oxo-bridged
tetrazinc units and 3,3’,5,5'-tetramethyl-4,4'-bipyrazolate link-
ers has been reported recently.!'®!

The thermal stability of MFU-1 was investigated by
thermogravimetric (TG) analysis and variable-temperature
X-ray powder diffraction (VIXRPD). The TG analysis shows
a loss of occluded solvent molecules in the temperature range
of 75-225°C to yield the solvent-free crystal form (weight
loss: 11.9%; expected: 12.3 % for complete loss of DMF from
MFU-1-2 DMF). No further weight loss occurs below 340°C;
H,bdpb molecules are released in the temperature range of
340-600°C. Upon suspending MFU-1 in dichloromethane for
24 h followed by drying in vacuum, the initially occluded
DMF molecules are removed completely, which is indicated
by aresidual weight loss of 2.9 % in the temperature range 30—
195°C, with no further weight loss occurring below 340°C.
The VTXRPD patterns indicate that the MFU-1 framework
is stable up to 270°C (Supporting Information, Figures S5-
S7).

MFU-1 has permanent porosity, which was confirmed by
an argon gas sorption experiment. Prior to measurement, the
sample was refluxed several times in dichloromethane to
exchange the DMF molecules with the more-volatile solvent.
The sorption isotherm of MFU-1 obtained with argon gas
reveals a type I sorption behavior, which is characteristic of
microporous solids (Supporting Information, Figure S8). The
adsorption data were analyzed to give BET surface areas of
1525 for MFU-1 obtained by solvothermal synthesis and
1485 m?g™! for MFU-1 from microwave synthesis.®! The
values of micropore surface area and volume for MFU-1 are
relatively high in comparison to those of microporous zeolites
and aluminophosphates, and similar to the lower values
reported for MOF-5 (600-3400 m*>g~")®?" and similar com-
pounds. In accordance to previous reports, we ascribe the
reduced surface area in MFU-1 to a partial filling of the
microporous channels with non-volatile unidentified molec-
ular species® and to Ostwald ripening of the pore systems.?

The UV/Vis diffuse reflectance spectrum (Supporting
Information, Figure S9) of MFU-1 shows several absorption
bands in the UV region, which correspond to intraligand n—
m* and m—m* transitions (Supporting Information, Fig-
ure S10). In the visible region, MFU-1 has a broad absorption
band centered at 610 nm (16393 cm '), which can be assigned
to the spin-allowed d—d transition *A,(F)—*T,(F) of tetrahe-
dral cobalt(IT) ions.”"

The hydrolytic stability of MFU-1 was investigated by
several experiments. Microcrystals of MFU-1 were placed for
96 h into ethanol, which is used as a test protic solvent, upon
which no discernible changes occurred in the UV/Vis spectra
or the XRPD patterns (Supporting Information, Figure S11).
This characteristic is unaffected by increasing amounts of
water added to the crystal suspensions (up to 30 vol % H,O).
In long-term experiments, we could not find any signs of
degradation when MFU-1 crystals were stored at ambient
conditions for more than six months, which is in sharp contrast
to the moisture sensitivity of many zinc terephthalate MOFs.



As a test reaction for catalytic activity, the liquid-phase
oxidation of cyclohexene in the presence of MFU-1 was
examined using fert-butyl hydroperoxide as oxidant. In
contrast to numerous reports on the oxidation, catalytic or
otherwise, of cyclohexane by cobalt(II) complexes,?! the
corresponding transformation of cyclohexene has been
explored to lesser extent.”” The experimental data demon-
strate that oxidation of cyclohexene is fast, and several
turnovers are possible in the presence of MFU-1 (Figure 3a),
whereas the reaction occurring in absence of catalyst under
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Figure 3. a) Yield versus time curves for cyclohexene oxidation with
MFU-1 as catalyst. b) Cyclohexene conversion versus time curves for
catalytic oxidation using MFU-1 in four subsequent runs. Reaction
conditions: cyclohexene (16 mmol), tBuOOH (8 mmol), 1,2,4-trichlor-
obenzene (2 mmol; as internal standard), MFU-1 (0.095 mmol, based
on cobalt), T=70°C.

the same conditions is almost negligible (ca. 1% conversion
after 12 h). The maximum substrate conversion achieved after
22 h was 27.5 %, and the main reaction products are tert-butyl-
2-cyclohexenyl-1-peroxide, followed by 2-cyclohexen-1-one
and cyclohexene oxide, as revealed by combined gas chro-
matographic and mass spectrometric product analysis. MFU-1
has an exceptionally high selectivity toward allylic substitu-
tion, that is, formation of fert-butyl-2-cyclohexenyl-1-peroxide
(ca. 66% ), which is a typical reaction for the homogeneous
catalysis with cobalt(II) complexes of bis(salicylamide)
ligands when alkyl hydroperoxides are used as the oxidant.!
A similar catalytic conversion for the oxidation of cyclo-
hexene was recently achieved by immobilization of low-
molecular-weight cobalt complexes to alumina supports.?!

MFU-1 can be almost completely recovered from the reaction
vessel after a catalytic test run. During the reaction with tert-
butyl hydroperoxide, microcrystals of MFU-1 undergo a slow
color change from blue to green, but the crystal morphology is
retained (Supporting Information, Figures S9, S12). X-ray
powder diffraction data of the recovered catalyst gave no
signs of decomposition (Supporting Information, Figure S13).
Employing MFU-1 in several catalytic runs leads to a loss of
catalytic activity after the first run (Figure 3b), but no further
loss in catalytic activity is observed in subsequent runs. The
BET surface area of MFU-1 decreases from 1485 m*g™' to
1018 m?g~! after the first run. We ascribe the partial loss of
activity and the reduction of surface area to the formation of
polar reaction products during catalysis that might block
active sites and adsorption sites in the crystal lattice.

To confirm the heterogeneous nature of the catalytic
reaction, we performed hot-filtration experiments: the solid
catalyst was removed from hot solution by filtration two hours
after initiating the catalytic test run. The reaction of the
filtrate was then monitored for another 10 h; no significant
catalytic conversion was observed, indicating that cobalt ions
leaching from the catalyst (if any) are not responsible for the
observed activity (Figure 4). The filtrate was also analyzed by
atomic absorption spectroscopy, which indicated a very low
concentration of free cobalt(II) ions in the filtrate: Less than
1.1x107*% of the cobalt ions in MFU-1 are leached out into
the reaction solution.
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Figure 4. Conversion versus time curves for cyclohexene oxidation with
MFU-1 as catalyst. m: catalyst present throughout; 0 catalyst removed
from the suspension after 2 h.

Evidence that catalysis occurs inside the pores is a non-
trivial task owing to the very large aperture of the MFU-1
channels. To investigate whether the catalytic transformation
proceeds inside the pores or on the external crystal surface,
the effect of crystal size on the catalytic activity of MFU-1 was
evaluated. On average, crystal specimens of MFU-1 obtained
from microwave synthesis have an external surface area that
is approximately eight times higher than those from solvo-
thermal synthesis (Supporting Information, Figure S3, S4).
Assuming that the reaction proceeds at the outer crystal
surface only, an eight-fold increase in catalytic activity should
then be observed for crystals obtained from microwave
synthesis when employing equal amounts of MFU-1 in both



test reactions under identical reaction conditions. On the
other hand, mass-transfer limitations can drastically reduce
the effectiveness of the catalyst, especially when the reaction
occurs inside narrow pores or channels. Both external mass
transfer (rate of transport to the outer surface) and internal
mass transfer (rate of intracrystalline transport) increase in
importance with increasing particle size.””?! It is often
observed in zeolite catalysis that the internal mass transfer
is the rate-determining step.® Therefore, initial reaction
rates with respect to catalyst loading were determined for
crystals obtained from solvothermal and microwave synthesis
(Figure 5).
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Figure 5. Initial rates for the production of tert-butyl-2-cyclohexenyl-1-
peroxide versus catalyst loading.

Constant activity is observed with low catalyst loadings for
both crystal sizes, whereas with higher loadings, the activity is
diminished owing to external mass transfer (film diffusion). In
the region of low catalyst loading, the initial reaction rates
differ by a factor of two when using MFU-1 obtained from
microwave and solvothermal synthesis. As this factor is by far
less than a factor of about eight expected for the catalytic
reaction taking place at the external crystal surface exclu-
sively, we ascribe the observed size dependency of catalytic
activity to internal mass transfer (pore diffusion) limitations.

This interpretation is further supported by inhibition
studies in which MFU-1 sample were treated with cyanide or
fluoride ions prior to catalytic tests. These investigations show
that the catalytic activity is almost completely unaffected by
treating catalyst particles with such strongly coordinating
ligands. As the UV/Vis absorption spectrum of the catalyst
does not change upon CN/F~ treatment, a coordination of
these to intracrystalline cobalt(II) centers (i.e. {Co",0}
building units) can thus be ruled out. Catalyst poisoning and
inhibition might still occur at defects on the external surface
of MFU-1; such a process does not however affect catalytic
activity (Supporting Information, Figure S14).

To further investigate whether the oxidation reaction
takes place inside the pores of MFU-1, we performed
comparative catalytic test reactions by replacing tert-butyl
hydroperoxide with the sterically more demanding triphenyl-
methyl hydroperoxide molecule (Ph;COOH). When this
more bulky oxidant is used, the rate of the catalytic test
reaction drops significantly relative to the reaction employing

tert-butyl hydroperoxide. Moreover, in contrast to framework
activation by fBuOOH, no color change of MFU-1 appears in
the presence of Ph;COOH (Supporting Information, Figur-
es S15 and S16). These results indicate that activation of the
catalyst and the reaction is confined to the particle surface in
the case of Ph;COOH, whereas the reaction takes place inside
the pores of MFU-1 employing tBuOOH, which can freely
diffuse inside the framework.

All our results from catalytic test reactions on MFU-1
obtained to date clearly point to a heterogeneous catalytic
reaction that takes place inside the pores of the MOF lattice.
To our knowledge, MFU-1 is the first example for which this
feature has been unequivocally demonstrated. The fact that
tert-butyl-2-cyclohexenyl-1-peroxide is the main reaction
product suggests a reaction pathway in which freely diffusing
peroxy radicals are generated by reductive cleavage of tert-
butyl hydroperoxo ligands coordinating to cobalt(III) metal
centers?! (see the Supporting Information). UV/Vis and XPS
measurements provide further evidence for the presence of
cobalt(I11) after long catalytic runs, whereas only cobalt(II) is
present initially (Supporting Information, Figures S9, S17).
The byproduct, 2-cyclohexe-1-one, is most likely formed by
thermal decomposition of the main product, tert-butyl-2-
cyclohexenyl-1-peroxide.

In summary, we have prepared a novel redox-active MOF,
which is structurally analogous to the zinc-containing and thus
redox-inactive MOF-5. In contrast to many MOFs reported
previously, the compound described herein has excellent
stability against hydrolytic decomposition in the presence of
water or similar protic solvents. This feature is mainly due to
the use of N-heterocyclic ligands, which form thermodynami-
cally stable complexes with cobalt(II) ions. Moreover, we
have successfully demonstrated that catalytic oxidation
reactions employing redox-active MOFs are feasible. Cata-
lytic turnover was achieved, and the catalyst is easily
recovered by filtration from the heterogeneous reaction
mixtures. Corma et al.”! have recently described the catalytic
oxidation of tetralin with molecular oxygen using cobalt(II)-
containing MOF ZIF-9"" as catalyst. They achieved 23 %
conversion (with tetralone as the main product) after 30 h. An
induction period of about 10 h was found in which no tetralin
conversion was observed. Similar to MFU-1, the catalyst ZIF-
9 shows no metal leaching; however, the influence of active
metal sites exposed on the external particle surface were not
reported. As the molecular dimensions of tetralin are 0.46 x
0.65 nm, whereas the pore aperture in ZIF-9 is only about
0.30 nm,P" the intrapore diffusion of tetralin in ZIF-9 should
be strongly hindered, which might suggest that the catalytic
oxidation is primarily confined to the particle surface, which is
in contrast with MFU-1. We hope that investigations on
MFU-1 will stimulate further research on the development of
catalytically active MOFs. We are currently screening cata-
lytic activities of MFU-1 in different reactions by combining a
broad variety of different oxidants and substrates.
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