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Heterogeneous Catalytic Epoxidation of Olefins
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Framework solids

A new Gdyg cluster based 3D framework, {[Gd,e(pe-CO3)o-
(NIC)32(p3-OH)26](NO3)2-3(H20)}, (1) (NIC = nicotinato
anion) has been prepared through hydrothermal synthesis
and characterised by single-crystal X-ray diffraction. The
Gdyg clusters are formed by the combination of five distorted
cubane cores attached to each other through six Gd3* ions.

The Gdjg clusters are then connected to each other by or-
ganic linkers forming a 3D framework. The dimensions of the
spherical cluster shell including the organic ligands is around
2.32(4) nm. The compound catalyses the heterogeneous
epoxidation of olefinic substrates including o, -unsaturated
ketones.

Introduction

In the last few years, there has been tremendous interest
in the preparation and properties of high-nuclearity metal
clusters.! 3 Many attempts to prepare new polynuclear
clusters that demonstrate interesting properties have been
successful.-81 A ot of transition metal clusters containing
molybdenum,! silver,['”) manganese!'!! and copper!!? etc.
have been synthesised and characterised although reports
of lanthanide clusters are limited. Controlled hydrolysis of
the metal ions led to high-nuclearity lanthanide clusters
producing tetra-,['3 penta-,['* hexa-,['*! hepta-,['°! octa-,['"]
nona-,['8 deca-,['"] dodeca-,?% tetradeca-,*!! pentadecanu-
clear®” and hexatriacontanuclear®’! lanthanide clusters. In
this context, oxo, hydroxo and fluorido bridged lanthanide
clusters are worthy of note.[>+-31]

It has been well documented that lanthanide compounds
have relevance to homogeneous catalysis,*?l molecule-based
magnetic materials,?¥ contrast agents for magnetic reso-
nance imagingl®* and fixation media for essential atmo-
spheric gases.*”! In the field of oxidative catalytic transfor-
mations,® epoxidation of alkenes is a key chemical process
in biology,l*”! synthetic organic chemistry and in chemical
industry.384% There is an ever-growing interest in the appli-
cation of reusable catalysts for the synthesis of fine chemi-
cals as well as enantioselective reactions™!! which could re-
duce the large amounts of waste products that are usually
formed in noncatalytic organic synthesis. Lanthanide com-
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pounds have been used in several organic transforma-
tions*?l including the conversion of alkenes to their corre-
sponding oxides in homogeneous media,*¥ although rarely
have they been used in epoxidation of olefinsi*4 or oxi-
dation™! of alkanes and sulfur compounds in hetero-
geneous media. The last decade witnessed an enormous ef-
fort to produce epoxides of electron deficient alkenes™! and
several approaches indicated that many lanthanide catalysts
are reactive in epoxidation of a,B-unsaturated ketones,
amides and esters. Recently we succeeded in catalytically
activating layered transition metal carboxylato,*’#! hydro-
genphosphatol*’® or lanthanide based metal-organic frame-
work compoundst#7¢47d] towards olefin epoxidation under
heterogeneous conditions. Here we report a new Gdye-clus-
ter based 3D framework that catalyses epoxidation of vari-
ous kinds of alkenes in heterogeneous media. To the best
of our knowledge, this is the first example of a cluster-based
3D lanthanide framework.

Results and Discussion

Synthesis of {[Gd,4(1s-CO3)o(NIC)33(n3-OH)26l(NO3),
3(H20)}, (1)

The synthesis of {[Gdas(ke-CO3)o(NIC)35(13-OH)5¢)-
(NO3)»:3(H,0)},, (1) (NIC = nicotinato anion) is not a
straight-forward process and, hence, it deserves a brief dis-
cussion. The azido ion plays an important role in isolating
the cluster-based compound 1. Mixing of the reactants viz.,
Gd(NOs)3, nicotinic acid and sodium azido in a 1:2:2 ratio
resulted a 1D chain compound of gadolinium(III) ions and
EO azido bridges.*’d] However, increasing the concentra-
tion of sodium azido to a molar ratio of 1:2:4 led to the
formation of high nuclearity clusters, {[Gd,s(1g-CO3)o-
(NIC)35(13-OH)6](NO3),:3(H,0)},, (1). Interestingly, how-
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ever, the azido ion is absent in 1 but it is not possible to
prepare compound 1 without NaNjs. The exact role of the
azido ion is still unclear to us. With an assumption that the
azido ion, upon hydrolysis, might facilitate the formation of
the cluster by changing the pH of the medium, we tried
several different weak bases. However, this does not lead to
the formation of the high nuclearity cluster-based com-
pound 1. Further work regarding the synthesis this cluster
and other similar systems are in progress.

X-ray Structure of {[Gd26(ll6-cO3)9(NIC)32(H3-OH)26]-
(NO3)2'3(H0)5, (1)

Single-crystal X-ray analysis revealed that the asymmet-
ric unit of the framework compound consists of 26 Gd3*
ions, two NO;~ and nine CO5> anions, 32 nicotinic acid
ligands, 26 p;-OH units and three molecules of water of
crystallisation (Figure 1). The molecule exhibits a fascinat-
ing 3D polymeric arrangement connecting the building unit
Gdye clusters “CO;@Gd,e” (Figure 2). The nicotinato
anions act as a chelating ligand as well as a bridging ligand
to link the clusters thus forming the 3D polymeric structure.
The metal centres have three types of coordination environ-
ment: Gd(9), Gd(12), Gd(19) and Gd(25) are nine-coordi-
nate, while the remaining Gd atoms are eight-coordinate
surrounded by p;-OH, terminal water molecules, nicotinato
anions and CO;>  ions. Four GdO, polyhedra are con-
nected to each other to form a secondary building unit,
Gd,, by sharing four p;-OH groups, consequently, giving
rise to five distorted cubane cores having the face dimen-
sions of c.a. 2.395(3) X 2.415(5) A (Figure 3). Besides, three
GdO, polyhedra share a pu3;-OH unit to make another sec-
ondary building unit, Gd; (Figure 4). Five Gd, units con-
nected by two Gdj; rings form a Gd,¢ cage which is further
connected by nine pg-CO5> anions to generate a spherical
cluster shell, CO;@Gd,¢ (Figure 5). One free NO;>~ anion
is entrapped at the centre of the Gd,4 cage, while another
is outside the cage. The diameter of the spherical cluster

Figure 1. Polyhedral representation of the asymmetric unit of com-
pound 1.
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shell including organic ligands is about 2.32(4) nm. The
Gdye cluster units are then connected to each other by the
organic linker forming a 3D framework.

Figure 3. p3-OH-bridged five-cubane core with polyhedral presen-
tation.

Figure 4. Polyhedral representation of p3;-OH-bridged Gd; triad.
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Figure 5. Cluster formation in 1 by the CO3>~ anion shown in dot-
ted lines.

Catalytic Epoxidation Reactions

Epoxides are very useful and versatile intermediates for
the synthesis of many commodity and fine chemicals as well
as pharmaceuticals and agrochemicals. Alkyl-hydroperox-
ido materials are used on a large scale in industrial epoxid-
ation, for example in the Halcon—-Arco and Sumitomo pro-
cesses.[*8! The recycling of coproducts, e.g., fBuOH has been
realised in the Sumitomo process. Olefin epoxidation reac-
tions catalysed by lanthanide-containing homogeneous cat-
alysts are well documented.[*>4°] However, there are several
disadvantages in using homogeneous catalysts. In most of
the cases the compound decomposes or dimerises and aut-
oxidation frequently takes place during the catalytic reac-
tion. Recycling of catalysts is a task of great economic and
environmental importance in the chemical and pharmaceu-
tical industries, especially when expensive and/or toxic
heavy metal compounds are employed. Many attempts have
been made such as intercalation or encapsulation of the
metal compounds into the layered inert matrices or within
the cavities of a porous solid (e.g. zeolites),*”! binding the
metal compounds onto a polymeric matrix®” and em-
ploying steric hindrance etc.’!! for easy recovery and reuse
of the catalysts. This is to minimise the loss of catalyst after
the reaction. To this end, polymer supported lanthanide-
binol and Ln(O-iPr); systems have been extensively used in
catalytic epoxidation of olefins.’?! In contrast, in this study,
a Gd,g cluster based framework solid has been used, with-
out any support, as a recyclable heterogeneous catalyst in
olefin epoxidation. Lanthanide compounds have rarely
been explored as heterogeneous catalysts for olefin epoxida-
tion.[47%47dl Various olefinic substrates react with fBuOOH
to produce epoxides with remarkable selectivity and in good
yield using compound 1 as a heterogeneous catalyst in ace-
tonitrile. The results of the catalytic epoxidation of different
substrates are summarised in Table 1. The oxidation of cy-
clooctene proceeds smoothly, showing an excellent conver-
sion of 71% to form cyclooctene oxide with 100% selectiv-
ity. Oxidation of styrene showed 80% conversion, however,
2828
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epoxide yields were only 57%. The substituted styrene was
also converted (95%) successfully with oxide selectivity of
ca. 74%. It is noteworthy that in the case of styrene, epoxid-
ation with such high selectivity has rarely been achieved
with heterogeneous systems.[**®! In the case of linear alk-
enes, olefins with shorter chain lengths undergo epoxidation
with higher selectivity than the long-chain olefins, for exam-
ple 1-hexene was converted to 96% with 100% selectivity
whereas the 1-octene oxide yield was 69 % with a conversion
of 76%. An electron-deficient system (2-chloro-chalcone)
was also studied. The catalyst efficiently catalyses its epox-
idation giving ca. 99% selectivity. The reactions profiles of
the epoxidations of various alkenes are shown in Figure 6.

Table 1. Epoxidation of olefins catalysed by 1.1

Substrate Reaction Conversion % Yield of products  TONId]
time/h [wt.-%] epoxide  others

0 24 71 100 - 29374

é 24 80 57 23(b] 35018

24 95 70 25lbl 36649

P ¥ o o 24 96 100 - 52105
o P 24 76 69 7le] 30903
o cl 24 81 99 - 14909

[a] Reaction conditions: alkenes (1 g); catalyst (2 mg); tBuOOH
(2 mL); acetonitrile (8 mL); temperature 68(=2) °C. The products
of the epoxidation reactions were collected at different time inter-
vals and were identified and quantified by using a Varian CP3-800
gas chromatograph equipped with an FID detector and a CP-Sil 8
CB capillary column. [b] Benzaldehyde and 4-methylbenzaldehyde.
[c] 2-Octanone. [d] Turn over number (TON): mol converted/mol
of active site.
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Figure 6. Reaction profile for the epoxidation of olefins with
tBuOOH catalysed by compound 1 in acetonitrile media.

The overall catalytic efficacy of the Gd,4 cluster-based
catalyst in epoxidation reactions was impressive and this is
reflected in the high turnover numbers for all the olefinic
substrates (Table 1). Besides, to ascertain the catalytic effi-
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cacy of compound 1 we also undertook a few control ex-
periments. The epoxidation of 1-hexene was carried out
using varied amounts of catalyst. This study clearly indi-
cates that the amount of catalyst has no influence on the
progress of the reactions. Epoxidation of 1-hexene was also
studied using the catalyst but adding different amounts of
tBuOOH. The optimum amount of tBuOOH needed for
completion of the catalytic reaction was found to be ca.
1.5 molar equiv. (zBuOOH/substrate) for compound 1. A
comparison of the catalytic efficacy of compound 1 with
that of a simple carboxylato, Gd(OAc); acting as the
heterogeneous catalyst (see Supporting Information; Table
S1), clearly indicates that the reactions with the lanthanide
cluster are more selective and yields are much better than
the gadolinium acetato compound. Furthermore, compari-
son of the catalytic efficiency of 1 with the corresponding
lanthanide oxide and carbonato also indicates that com-
pound 1 performs better as a catalyst than the other gado-
linium containing species (Table 2). To check if the particle
size had any influence on the progress of the reactions or
on conversion we carried out the reaction with crystals and
with fine powder. The epoxidation reaction is a little slower
if the crystals obtained from the hydrothermal reactor are
used directly as a catalyst. However, the difference is not
significant. For example, conversion of 4-methyl-styrene to
its epoxide was 89% in 24 h when crystals were used as the
catalyst while in case of powder, conversion was 95% for
this substrate. Hence, we studied all the reactions by grind-
ing the crystals to a fine powder. Since the reactions take
place on the surface of the catalyst, the difference is not
unexpected. Furthermore, no variation of activity was ob-
served for the powder catalyst obtained from different
batches in hydrothermal reactions. No induction period was
observed in all the reactions.

Table 2. Epoxidation of styrene with tBuOOH catalysed by 1 and
other Gd-containing catalysts.[*]

Catalyst Conversion / %  Yield of product / %  References
Epoxide others

1 80 57 23 this work

Gd,04 15.7 9.4 6.3 (4]

Gd(OAc); 54 31 23 [“7d]

Gdy(CO3); 17 12 5 this work

[a] Reaction conditions were the same as given in footnote of
Table 1.

Separation, Catalyst Reuse and Heterogeneity Test

The major advantages of the use of heterogeneous cata-
lysts are their recovery from reaction mixtures and possible
reuse. To test if the metal leached out from the solid catalyst
during the reaction, the liquid phase of the reaction mixture
was collected by repeated centrifugation after ca. 30% of
the epoxidation reaction was complete and the residual ac-
tivity of the supernatant solution, after separation of the
catalyst, was studied. The supernatant solution was kept at
70 °C in an oil bath for 6 h and the composition of the
solution was determined by GC. No further progress of the
reaction was observed during this period, which indicates
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the absence of active species in solution. These experiments
clearly demonstrate that the metal does not leach out from
the solid catalyst during epoxidation reactions. In order to
check the stability of the catalyst, we characterised the sol-
ids after the completion of the reactions. When the catalytic
reactions were over, the solid catalyst was recovered by cen-
trifugation and washed with fresh acetonitrile several times
and dried in air in an oven. The recovered catalyst was then
subjected to IR spectroscopic analysis. A comparison of the
IR spectra of the pristine complexes and the recovered cata-
lysts convincingly demonstrates that the structural integrity
of the compound remains unaltered after the epoxidation
reactions; see Figure S1 in the Supporting Information. No-
tably, the recovered catalyst can be reused in further epoxid-
ation reactions with no considerable loss of activity
(Table 3).

Table 3. Catalytic efficacy of the recovered complex 1 in successive
runs for cyclooctene epoxidation!®l.

Cycles Conversion / wt.-%  Selectivity / wt.-% TON
First reuse 71 100 29374
Second reuse 70 100 28960

[a] Reaction conditions were the same as given in the footnote of
Table 1.

Conclusions

In summary, we have succeeded in preparing a new ex-
ample of a high nuclearity, Gd,s lanthanide cluster-based
compound by means of a hydrothermal route. The exten-
sion of the connectivity between Gd,e clusters through or-
ganic linkers results in a fascinating 3D framework
compound, {[Gda6(16-CO3)9(NIC)32(13-OH) 6] (NO3),*
3(H,0)},. Importantly, the Gd,4 cluster-based framework
compound catalyses epoxidation reactions of a variety of
olefinic substrates including o,B-unsaturated ketones in
heterogeneous media. This study affords new scope for
designing high-nuclearity lanthanide compound-based
heterogeneous catalysts. Further investigations of the appli-
cation of this type of catalyst in other organic reactions are
currently in progress.

Experimental Section

Materials and Measurements: Gd(NOs3);-6H,0, NaN3, 1-hexene, 1-
octene, cyclooctene, styrene, 4-methylstyrene, 2-chloro-chalcone
and /BuOOH (70 wt.-% aq.) were purchased from Aldrich and
were used as received. Solvents were purchased from Merck (India)
and were distilled and dried before use. Fourier transform infrared
spectra of KBr pellets were recorded on a Perkin-Elmer RX I
FTIR spectrometer. The powder X-ray diffraction (XRD) patterns
of the samples were recorded with a Scintag XDS-2000 dif-
fractometer using Cu-K, radiation. The products of the catalytic
reactions were identified and quantified by using a Varian CP3-800
Gas Chromatograph using a CP-Sil 8 CB capillary column.

Synthesis and Characterisation of {{Gd,6(pns-CO3)o(INIC)3x(13-
OH),6l(NO3),:3(H,0)},, (1): We synthesised the compound hydro-
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thermally as colourless block crystals. To prepare the compound,
an aqueous solution of Gd(NO3);, nicotinic acid and sodium azide
was digested in a teflon-lined Parr acid digestion bomb at autoge-
nously developed pressure at 170 °C for 3 d followed by slow cool-
ing at 5°Ch~! to room temperature. The colourless block crystals
of compound 1 thus formed were collected by filtration, washed
with water and a small amount of ethyl alcohol and dried in air;
yield ca. 35% (based on metal). For characterisation of the com-
pounds, elemental analysis and IR spectroscopic studies were un-
dertaken. {[Gd,6(te-CO3)9(NIC)35(13-OH),6](NO3)»3(H,0)}, (1):
caled: C 26.45, H 1.38, N 5.22; found C 26.35, H 1.29, N 5.12.
Selected IR peaks (KBr disk): ¥ = 1610, 1564 [v,s (CO,)], 1412 [u,
(CO, )], 1246, 1191 [vs (C-O)], 1481, 1404 [vy N-O], and 3500—
3200 s (br. [v, O-H)]) em .

X-ray Crystallographic Study: X-ray diffraction data for 1 were col-
lected at 293(2) K on a Bruker SMART APEX CCD X-ray dif-
fractometer using graphite-monochromated Mo-K,, radiation (1 =
0.71073 A). Determination of integrated intensities and cell refine-
ment were performed with the SAINTP3 software package using
a narrow-frame integration algorithm. An empirical absorption
correction® (SADABS) was applied. The structure was solved by
direct methods and refined using full-matrix least-squares tech-
niques against F> with anisotropic displacement parameters for
nonhydrogen atoms with the programs SHELXS97 and
SHELXL97.5% Some of the organic ligands were restrained using
the ISOR option in SHELXL during anisotropic refinement. The
hydrogen atoms of the organic moieties as well as in the water
molecules were not included in the model. A summary of crystal
data and relevant refinement parameters for compound 1 is given
in Table 4.

Table 4. Crystal data and structure refinement parameters for 1.

Empirical formula C402Gd5>NggOs5oHo 5
Formula weight 18237

Temperature [K] 100(2)

Wavelength [A] 0.71073

Crystal system triclinic

Space group Pl

a, b, c[A]

a By [°]

Volume [A3]

V4

Calculated density [Mgm™]
Absorption coefficient [mm™']
F(000)

0 range for data collection [°]
Limiting indices

Reflections collected / unique
Completeness to 20 [%]
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [/ > 20(])]

R indices (all data)
Extinction coefficient

21.2508(4), 21.9899(4), 29.6001(5)
93.477(1), 90.363(1), 95.571(1)
13740.5(4)

1

1.583

3.876

6240

0.93 to 27.58

2T =h=27-27<k=28,
-8 =/=32

218918 / 61566 [Riy = 0.0894]
96.7

Full-matrix least-squares on F>
61566 / 2268 / 3401

1.050

Ry =0.0697, wR, = 0.1908

R =0.1294, wR, = 0.2242
0.00031(2)

CCDC-805728 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Catalytic Reactions: The catalytic reactions were carried out in a
glass batch reactor according to the following procedure: substrate,
solvent and catalysts were first mixed and the mixture was then
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equilibrated to 70 °C in an oil bath. After addition of /BuOOH, the
reaction mixture was stirred continuously for 24 h. The products of
the epoxidation reactions were collected at different time intervals
and were identified and quantified by gas chromatography. The
crystals of compound 1 were ground to a fine powder before using
them in catalytic reactions.

Supporting Information (see footnote on the first page of this arti-
cle): IR spectra of recovered catalyst, Table showing catalytic per-
formance of compound 1 in comparison to other Gd-containing
species.
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