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[Cu(NCCH3)4][BF4]2 can be heterogenized by an ion exchange method on mesoporous NaAlMCM-41 and NaAlMCM-48

materials. The heterogenized complex and the homogeneous Cu compound are applicable for the cyclopropanation of olefins at

303 K. Comparable yields are observed for non-bulky olefins, olefins with bulkier substituents lead to lower yields.

[Cu(NCCH3)4][BF4]2 grafted on mesoporous surfaces (as heterogeneous catalyst) are relatively stable and recyclable for several

catalytic runs with only slight decrease in catalytic activity.
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1. Introduction

Cyclopropylation reactions are very versatile for
synthetic organic chemistry with applications such as
cross-couplings, and ring-opening reactions [1–3]. The
preferred method for the preparation of cyclopropanes
is the direct cyclopropanation of olefinic bonds utilizing
diazo compounds (ethyl diazoacetate; EDA) as a car-
bene source [4,5]. Copper-based complexes have played
a prominent role in the in situ generation of metal
carbenes (or carbenoids) from diazo compounds and of
nitrenes from the corresponding sources [4–6]. In this
regard, various copper complexes (such as copper
bis(oxazoline)) have been immobilized on the surface of
zeolites (e.g. zeolite-Y), mesoporous molecular sieves
and clays and also Cu2+ exchanged zeolite-Y. Such
materials are applied as heterogeneous catalysts for
azirdination and cycloproponation reactions [7–9]. In
most cases, immobilization is carried out by covalent
binding. The method used to form this covalent bond
may have decisive influence on the catalytic activity and
selectivity.

The use of weakly or non-coordinating anions
(WCA) is of significant current interest as counter ions
both in synthesis and catalysis, due to their potential in
enhancing the reactivity of metal complexes [10]. The
successful synthesis of a series of acetonitrile complexes
of the type [M(NCCH3)6][X]2 and [M2(NCCH3)8-10][X]4
where X = BF4

), B(C6F5)4
), B{C6H3(m-CF3)2}4

),
((C6F5)3B-C3H3N2-B(C6F5)3)

), exhibiting excellent
activities for the polymerization of cyclopentadiene and
methylcyclopentadiene in homogeneous phase has been

reported [11]. Some of these compounds have been
heterogenized by Gonçalves et al. and McCann et al.
The observed catalytic activities, however, were reported
to be much lower than in homogeneous phase [12].
Recently, we reported on homogeneous azidirinations
catalyzed by [Cu(NCCH3)2-4][B(C6F5)4] [13]. The above-
mentioned Cu(II) complexes may also be interesting for
heterogenization due to the general easier catalyst/
product separation procedure in heterogeneous cataly-
sis. Heterogenization of the highly selective homoge-
neous catalysts is also expected to lead to a combination
of the advantages of both catalyst classes. Among the
various supporting materials available, the mesoporous
silicates, designated as MCM-41 and MCM-48 by Mobil
scientist [14] with regular pore size, large surface areas, a
large number of surface silanol groups and high chem-
ical and thermal stability, are potential and promising
candidates as both catalysts and catalyst supports
[15,16]. As already indicated above, the activity of the
[M(NCCH3)6][X]2 systems drops strongly after heter-
ogenization, when the heterogenization involves a
reaction of the cation with the surface or surface fixed
ligands, due to the reduction of its Lewis acidity [17].
For example, Mn complexes of the type
[Mn(NCCH3)6][B(C6F5)4]2 have been grafted on MCM-
41 derivatized with pyrazolylpyridine ligands. It was
found that the catalytic activity of this system for
isobutene polymerization after grafting was greatly
reduced (to almost zero) due to the reduction of its
Lewis acidity [17].

In the present work, the copper complex
[Cu(NCCH3)4][BF4]2 (1) is grafted on NaAlMCM-41
and NaAlMCM-48 by ionic interactions, i.e., the partial
ion exchange of Na+ cations present in the mesoporous
materials surface by [Cu(NCCH3)4]

2+, as represented in
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Scheme 1. The ionically grafted materials obtained from
the heterogenization of the Cu(II) compound 1 were
systematically characterized by powder X-ray diffrac-
tion (XRD), N2 adsorption/desorption (BET) analysis,
thermogravimetry coupled with mass spectroscopy (TG-
MS), and FT-IR spectroscopic methods. The resulting
materials prepared from Na-AlMCM-41 and Na-Al-
MCM-48 samples are designated as Na-AM41CuBF
and Na-AM48CuBF, respectively. The homogeneous
complex 1 and heterogeneous Na-AM41CuBF and
Na-AM48CuBF are applied for various olefin cyclo-
propanation reactions using diazoethylacetate, in order
to compare the activity of the homogeneous and the
heterogeneous copper complexes with respect to their
catalytic performance.

2. Experimental

2.1. Synthesis procedure

The following materials, colloidal silica (SiO2),
fumed silica (SiO2), hexadecyl-trimethyl ammonium
bromide (CTABr), 1,3-diacetoxy-1,1,3,3-tetrabutyltin
oxide polyethylene glycol dodecyl ether (Brij-30), te-
tramethyl ammonium hydroxide (TMAOH, 25 wt.%),
aluminum nitrate nano-hydrate (Al(NO3)3Æ9H2O) and
sodium hydroxide (NaOH) are used without purification
for the synthesis of the mesoporous materials.

Na-AlMCM-41 with a Si/Al (molar) ratio of 100 is
synthesized as described in the literature, [13b,14c]
having a typical molar gel composition of: 1 SiO2:0.2
NaOH:0.27 TMAOH:0.27 CTABr:60 H2O:0.005
Al2O3. A typical synthesis procedure is as follows: first
TMAOH is dissolved in water and stirred for 5 min.
To this solution fumed silica is slowly added (the
resulting solution is designated as A). Another solu-
tion, B, is prepared by mixing CTABr and NaOH in
distilled water and stirred for about 30 min. Both these

solutions, A and B, are mixed together and a gel is
formed. Aluminum nitrate is then added to the
resulting clear solution and the mixture is stirred for
1 h. The pH of the resulting gel is adjusted to 11.0 with
diluted sulphuric acid, and is aged for 16 h. The gel is
transferred into a polyethylene bottle and kept in an
oven under air for crystallization at 373 K for 3 days.
The obtained solid product is washed repeatedly, fil-
tered, and dried at 353 K for 12 h. The as-synthesized
sodium form of the material (Na-AlMCM-41) is cal-
cined at 823 K for 2 h in N2 followed by drying under
air for 6 h.

Na-AlMCM-48 is prepared [13b,14c] by the following
procedure with a molar gel composition of 5.0 SiO2:2.5
NaOH:0.87 CTABr:0.13 Brij30:0.025 Al2O3:400 H2O.
First, a surfactant mixture solution is prepared by dis-
solving both CTABr (7.74 g) and Brij30 (1.35 g) simul-
taneously in distilled water (60 mL). Then, a NaOH
solution (2.5 g in 5 mL water) is added to the surfactant
solution and stirred for 0.5 h. The silica solution is then
added to the above-described solution and the resulting
mixture is shaken vigorously for 0.5 h. The resulting gel
is kept at 373 K for crystallization. After two days, the
mixture is cooled to room temperature (298 K) and the
pH of the solution is adjusted to 10 with acetic acid. This
procedure is repeated twice. Then, aluminum nitrate is
added to the gel and the resulting mixture is kept for
373 K for another 7 days. The resulting final product is
filtered and washed with an ethanol/water mixture and
dried in an oven at 373 K, followed by calcination in air
at 823 K for 6 h.

All the grafting procedures are carried out under an
oxygen- and water-free argon atmosphere using stan-
dard Schlenk techniques if not indicated otherwise.
Acetonitrile is dried over calcium hydride and kept over
3 Å molecular sieves.

[Cu(NCCH3)4][BF4]2 (1) is synthesized as described
earlier [10d,13a]. The mesoporous molecular sieves
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Na-AlMCM-41 and Na-AlMCM-48 (1 g) are first pre-
activated at 473 K under vacuum (10)3 mbar) for 4 h to
remove physisorbed water. The activated samples (1 g)
are treated with 0.2 mmol of complex 1 in 30 mL dry
CH3CN under an argon atmosphere. The mixtures are
stirred at 313 K for 3 days. The resulting solutions are
filtered off and the white solids are washed repeatedly
with CH3CN until all physisorbed complexes are
removed from the surfaces. The washed samples are
dried under vacuum at RT.

2.2. Characterization methods

Microanalyses were performed at the Mikroanaly-
tisches Labor of the Technische Universität München
(M. Barth and co-workers). Atomic absorption spec-
troscopy (AAS; Varian SpectrAA-400 spectrometer)
was used to determine the copper content. IR spectra
were measured with a Unican Mattson Mod 7000 FTIR
spectrometer using KBr pellets. Powder XRD data were
collected with a Philips X’pert diffractometer using Cu-
Ka radiation filtered by Ni. Nitrogen adsorption–
desorption measurements were carried out at 77 K,
using a gravimetric adsorption apparatus equipped with
a CI electronic MK2-M5 microbalance and an Edwards
Barocel pressure sensor. Before analysis, calcined
MCM-41/48 was degassed at 723 K overnight to a
residual pressure of about 10–24 mbar. A lower degas-
sing temperature of 413 K was used for the modified
materials (to minimize destruction of the grafted com-
plex). The specific surface areas (SBET) were determined
by the BET method. The total pore volume (VP) was
estimated from the N2 uptake at p/p0 = 0.95, using the
liquid nitrogen density of 0.8081 g cm)3. The pore size
distribution curves (PSD, differential volume adsorbed
with respect to the differential pore size per unit mass as
a function of pore width) were computed from the
desorption branch of the experimental isotherms, using
a method based on the area of the pore walls. Trans-
mission electron microscopy (TEM) was executed on a
JEOL JEM2010 operated at 120 kV.

2.3. Typical procedure for olefin cyclopropanation

EDA (0.114 g, 1.0 mmol) in 2.0 mL of acetonitrile
was slowly added (addition time 1 h) to a 4.0 mL ace-
tonitrile solution of an olefin (5.0 mmol) and catalyst
(0.02 mmol; based on Cu content). The reaction was
followed by GC-MS. After the reaction was finished the
products were identified by GC-MS. Products were
isolated by flash chromatography. Yields were deter-
mined based on EDA.

3. Results and discussion

The powder XRD pattern of copper complex 1

grafted MCM-41 and MCM-48 samples are in full

agreement with reported pattern [14,15], indicating the
samples to be well ordered (Figure 1) [14,15]. Several
distinct Bragg peaks are observed in the 2h = 2–8�
region, which can be indexed to different hkl reflections
for a hexagonal unit cell (using the strongest reflection,
d100) and a cubic unit cell (using the strongest reflection,
d211), respectively. Even after grafting the bulky com-
plex 1 on mesoporous surfaces (Figure 1) the higher 2h
peaks are still observed, indicating the retention of long-
range hexagonal and cubic symmetry. Compared to
parent MCM-41 and MCM-48 [13b], the grafted sam-
ples show a decrease in the relative intensities and
broadening of the XRD reflection. There is also a clear
shift to higher 2h values. These changes originate from
the immobilization of the copper acetonitrile complexes
inside the channels of MCM-41 and MCM-48 [14,15].

Figure 2 depicts the FT-IR spectra of parent calcined
mesoporous MCM-41, MCM-48 and the grafted sam-
ples. The bands at 1206, 1060, and 794 cm)1 are
attributed to stretching vibrations of the mesoporous
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Figure 1. Powder XRD pattern of (a) Na-AM41CuBF, and (b)Na-
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Figure 2. FT-IR spectra of (a) AlMCM-41, (b) Na-AM41CuBF, (c)

AlMCM-48 and (d) Na-AM48CuBF.
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framework (Si–O–Si). The band around 960 cm)1 is
assigned to a vibration mode of the silanol (Si–OH)
groups in the mesoporous channels [20]. A new weak
band around 2300 cm)1 can be assigned to nitrile (CN)
group vibration of the grafted compounds. Free aceto-
nitrile, however, is not present in the spectra. The m(CN)
vibrations of free NCCH3 would be expected at
(m(CN) = 2253 and 2293 cm)1) [22]. The presence of
only one m(CN) absorption is consistent with the high
symmetry of the coordinated NCCH3 around the metal
center, as observed for free complex 1. The heterogeni-
zation procedure presented here does, therefore, not
disturb the tetrahedral cation coordination sphere.
Additional bands appear in the range of 2949 and
2853 cm)1 (not shown in the figure) due to C–H
stretching vibrations, originating from the nitrile-CH3

groups. The appearance of bands at 1385 cm)1 is due to
the remaining [BF4]

) anion [18].
The low temperature N2 adsorption/desorption iso-

therms of parent MCM-41 and MCM-48 [13c] are of
type IV according to the IUPAC [18] nomenclature and
characteristic for mesoporous solids (surface area 840,

1040 m2 g)1 pore size 2.74, 2.41 nm and pore volume
0.9, 1.1 cm3 g)1, respectively, for AlMCM-41 and Al-
MCM-48 samples). Well-defined, sharp inflections are
observed between the relative pressure (p/po) of 0.3 and
0.4, due to capillary condensation of nitrogen inside the
primary mesopores [18]. Reversible type IV isotherms
similar to the parent MCM-41/MCM-48 [14,15] are
obtained for the grafted copper acetonitrile complex
samples (Figure 3). However, broader pore size distri-
butions (2.41–2.58 nm) are observed. A (considerable)
decrease in surface area (796, 874 m2 g)1) and pore
volume (0.67, 0.52 cm3 g)1) for the obtained materials
indicates that the copper acetonitrile complexes are
successfully grafted in the channel of the mesoporous
materials [13–15].

The TEM images of the grafted samples (Figure 4)
are providing strong evidence that the mesoporous
structure of the support retains its long range ordering
[14,15] throughout the grafting process and that the
channels of the materials remain accessible. The uniform
TEM image and the corresponding ED pattern (inside)
evidences the structural intactness. Elemental analyses
(EA) demonstrate that the copper content is 1.6 wt.%
(equivalent to 6 wt.% of compound 1 loading on both
Na-AM41CuBF and Na-AM48CuBF). The presence of
1.5 wt.% of F confirms that one of the counter ions
remains associated with the copper acetonitrile complex
after grafting the compound on mesoporous materials
surface. The TG-MS spectrum of Na-AM41CuBF
shows about 6.5% weight loss up to 1000 �C due to
decomposition of the copper acetonitrile complex. The
observed mass values m/z+ = 26, 15 and 19 are corre-
sponding to a cyano methyl and fluorine group of
complex 1, which once again confirms the presence of
the Cu-complexes in the mesoporous channels.

The Na-AM41CuBF and Na-AM48CuBF materials
were applied in the cyclooctene cyclopropanation with
EDA at room temperature and the results are displayed
in Table 1. The grafted materials show relatively low
activity in the cyclopropanation reaction with prevailing
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E-selectivity (90% in all the cases), as expected. The
three-dimensional pore structure of MCM-48 is benefi-
cial to the reaction, since these grafted materials achieve
better performances than the ones grafted on the one-
dimensional MCM-41 structure, with regard to activity.
There is an considerable decrease of activity in the sec-
ond run, but then the activity remains the same for
further catalytic runs. The initial activity loss may be

due to slight leaching of weakly bonded compound 1.
Leaching experiments with Na-AM41CuBF and Na-
AM48CuBF were carried out under normal reaction
conditions. First the catalyst was treated with CH2Cl2
and styrene for 1 h at room temperature. Then the
liquid phase was filtered off from the heterogeneous
catalyst. The reaction was carried out using the filtrate
after addition of EDA. The filtered solution shows
product yields of 4–6% formed after the separation
from the catalyst carrier materials. Leaching of active
catalyst is therefore not pronounced observed decrease
in activity during the recycling experiments may be
partially due to adsorption of reactant/product mole-
cules on the active species of the surface.

The homogeneous compound 1 and Na-AM48CuBF
were further examined for cyclopropanation reactions of
various olefins (see Table 2). The heterogeneous cata-
lysts show in all cases lower yield than the respective
homogeneous catalysts. The yield of the final products
obviously depends on the electron density of olefinic
bond. Olefins with lower electron density lead to better
yields compared to higher electron density olefins. In all
the cases 90% E-selectivity is observed.

Table 1

Cyclopropanation of cyclooctene with various catalysts using EDAa

Catalysts Run Yield (%)

Complex 1 – 42

NaAM-48-CuBF 1st run 38

2nd run 19

3rd run 19

NaAM-48-CuBF 1st run 18

2nd run 12

3rd run 11

aCatalyst: Olefins = 1:250;
bBased on EDA conversion; Temperature = 298 K; reaction

time = 20 h.
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Table 2

Cyclopropanation of various olefins using EDA with homogeneous complex 1 and NaAM-48-CuBF as the catalystsa
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4. Conclusion

[Cu(CH3CN)6][BF4]2 is grafted on the surface of
mesoporous AlMCM-41 and AlMCM-48 by ion
exchange. The grafted materials retains long range
ordering and the catalysts are found to be active both in
homogeneous and heterogeneous medium for cyclo-
proponation of olefin reactions. The catalytic activities
in homogeneous medium are, however, higher than the
activities observed in heterogeneous phase.
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