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Abstract

For the first time, a quantitative approach is successfully used in the ESR study of new catalysts for olefin metathesis prepared by dissolution
of WCls and MoC} in ionic liquids (hmimBR, hpyrBF, etc.). ESR monitoring of frozen probes taken upon interaction between the phases
of an ionic liquid and hex-1-ene permits one to elucidate the key role of isolated paramagnetic compleXeard W™ ions in catalysis.
The use of MoG as a starting reagent opens a way for a quantitative observation of paramagnetic active species in two liquid phases. It is
shown that the reaction in the biphasic system proceeds as a heterogeneous catalytic process: virtually all the T5olaMo®\species
are located in the ionic liquid. The kinetics of formation/accumulation of the isolated paramagriétsp¥¢ies at the initial slow step of
W¢* reduction by an olefin agrees closely with the kinetics of metathesis leading to the formation pf@d@ct. No induction period is
observed in the case of Mbions. The number of the ESR-visible isolated paramagnetit’ Mamplexes reaches90% of the total number
of molybdenum ions in the sample. Thus, the Mo(V) state of the active sites localized in ionic liquids is responsible for the further catalytic
process. The same seems to be true for the W(V) species accumulated in the ionic liquid at the end of the first step of the reaction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental

lonic liquids attract growing attention as new media for 2.1. Materials
diverse chemical reactions including catalytic processes. Sur-
prisingly little is known, however, about the nature of catalyt- As received WG and MoCk (chemically pure grade)
ically active sites and active species formed in these specificwere used without further purification. lonic liquids kindly
“solvents”. Spectral methods are not quite informative in the donated by Merck KgaA as synthetic grade reagents
study of these moisture-sensitive and deeply colored liquids. were: tetrafluoroborates of 1-ethyl-3-methylimidazolium
Recently, it was demonstrated that W®king dissolved in (emimBFy); 1-hexyl-3-methylimidazolium (hmimBfj; N-
ionic liquids forms an active species catalyzing metathesis of hexylpyridinium (hpyrBR); 1-butyl-3-methylimidazolium
olefins at 20 C[1]. The aim of the present work is to monitor  (bmimBF); trihexyl(tetradecyl)phosphonium; as well as 1-
the formation of W(V) paramagnetic species in this process ethyl-3-methylimidazolium trifluoromethanesulfonate (emi-
using ESR spectroscopy and to compare the behavior of themOTf). Hex-1-ene (>99% purity) was purchased from
two catalytic systems: the first one prepared from Watid Aldrich. High purity N, gas was used to provide the pro-
the second one originating from Mo{l tective atmosphere upon catalyst preparation and study.

2.2. Catalyst preparation

* Corresponding author. Tel.: +7 095 1376617; fax: +7 095 1355328. . . .
E-mail addressesavk@ioc.ac.ru, akuchero2004@yahoo.com The calculated amount of W(Mo) chloride was mixed with

(A.V. Kucherov). the ionic liquid (molar ratio ranging from 1/10 to 1/100) in
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a cylindrical 15 crd vessel at 20C for 30 min under the M ; — g=177
flow. The probe of the solution/suspension formed was taken

v
for an ESR testing. I
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2.3. Catalytic testing

Intensity, arb. units

Catalysts were tested at 20 in hex-1-ene metathesis
[1]. A standard amount of hex-1-ene (0.3%molar ratio
olefin/catalyst 1/0.88) was added undes t9 the catalyst
in the reactor, the vessel was sealed and the reaction mix-
ture was vigorously stirred (500-600 rpm) at°Zl After
the specified time (5—-120 min), the probes of the two layers
(i.e., olefin and ionic liquid) were taken for analysis and ESR
measurements.

The metathesis products were analyzed by GLC on a
packed column (3 nx 3mm) with SE-30 on Chromosorb;
an SE-30 capillary column (30 m) and a Carbowax 20M cap-
illary column (40 m) using the method of internal standards.
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2.4. ESR measurements

ESR spectra were taken in the X-bardX3.2cm) at
—196°C using a reflecting-type ESR spectrometer equipped
with a 41040R cavity and a quartz Dewar vessel. The ESR
signals were registered in the absence of saturation in the
field range of 2500-4000 G. The Excel program was used for
spectra processing (baseline correction and double integra+ig. 1. ESR spectra recorded-af96°C of the probes of the ionic liquid
tion). DPPH and a frozen solution of Mogih CHsOH were Iay_ers taken after 2h of‘ hex-1-ene metathesis a’lQ_Qa) 1‘0% WC§ in
used as standards fgrfactor calculation and quantitative ~ "™MBFa; (b) 10% WC in hpyrBF and (c) 5% WG in emimBF.
Mo®°*-ESR analysis.

Samples of catalytic and olefin layers from the reactor
were placed in identical quartz ampoules (3.5mm diame- tor after 2—-2.5h of metathesis give strong ESR signals at
ter) to exceed the volume of the sample in the resonatorg=1.77 (Fig. 1). These signals point unambiguously to the
(>30mm height), purged with nitrogen, closed and imme- formation and accumulation of paramagnetic isolated W(V)
diately cooled to—196°C by placing the ampoule in lig-  species with unpaired electron located on the tungsten ion.
uid nitrogen. ESR spectra were registered-496°C and  Thus, a quite complex process of reorganization of the start-
normalized for the differences in the W(Mo) chloride con- ing system, with \§* to W°* reduction, accompanies the
centration. Then, the closed ampoules were maintained atinteraction between the components in the original mixture.
room temperature for several hours and ESR measurementghis behavior distinguishes the W-containing catalysts from

Intensity, arb. units.

—
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—
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at—196°C were repeated. The solution of 1 mol.% Mgl another, better known metathesis system (Ru-complexes in
absolute methanol was prepared as a standard for the compaieutral ionic liquids)[2—8]. From the recent study of Ru-
ative calculation of the “ESR-visible” fraction of M6 and containing samples, one can conclude that catalytically active

W?3*in our samples. Double integration of the ESR spectrum Ru-complexes are created before the reaction and ionic lig-

of this standard provided the absolute value for comparison uid as the reaction medium does not differ essentially from

with double integrals of signals under study. The shape of traditional solvent§3—8].

ESR lines was not playing a role and spectra simulation was  |n addition, olefins are poorly soluble in ionic liquids

not required. For the sake of accuracy, series of samples wereand the reaction takes place in the biphasic emulsion. In

measured consecutively, with ampoules placed in the samepur search, in order to simplify the problem, we decided

position inside the ESR resonator. to start with another catalyst, namely M@COn one hand,
molybdenum is known as a catalytically active substance for
metathesifo—11]. On the other hand, all the ions in the initial

3. Results and discussion MoCls, being a pretty chemically stable compound, are in the
paramagnetic Mo(V) state. ThusgaantitativeESR moni-

In our preliminary ESR study, it was found that the sam- toring of transformations in this simplified system becomes
ples of the W-containing ionic liquids taken from the reac- possible.
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Fig. 2. ESR spectra recorded at —2@5of the solutions of MoGl (a)
1 mol.% MoCk in absolute CHOH; (b) 1 mol.% MoCé in hmimBF, and
(c) 10 mol.% MoC4 in hmimBF;.

3.1. Study of the [(M®")—ionic liquid—hex-1-ene]
system

3.1.1. M&* as an absolute standard for quantitative
ESR measurement

Pure bulk MoCi4, in spite of the paramagnetic state of all
Mo ions, shows no ESR signal. It is caused by a strong mag-
netic interaction between ions in the regular crystalline phase
of the solid. Only dilution of M8* ions by the inert matrix

weakens this interaction and results in the appearance of!

Mo®*-ESR signals from magnetically “isolated” ions and/or
small irregular clusters with weakened interaction between
Mo®* ions. As to the linear dimension, anl nm distance
provides sufficient magnetic isolation of the ions. Methanol,
being a good solvent for Mog,lcan be used for preparation
of the Mo®*-ESR standard.

Fig. 2a shows the ESR spectrum taken from the frozen
diluted solution of M&* in absolute methanol (1 M4 ion
per 100 molecules of C4#OH). This narrow, asymmetric
ESR signal withg=1.944 is typical of isolated MY sites
with the symmetry approximating the octahedral one. Similar
ESR signals withg=1.95-1.945 differing in the line shape
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were observed earlier for isolated Rfoions stabilized by
matrices of different zeolitgd.2,13] We assume that all the
molybdenum ions in a diluted methanol solution of MgCl
are “ESR-visible” and contribute to the signilg. 2a). Dou-

ble integration of the spectrum gives us the absolute value for
the sample containing the known amount of isolated®io
ions. Thus, a direct comparison of double integrals of other
ESR spectra with this standard permits a selective quanti-
tation of Mc@* active species in the ionic liquid and olefin
layers of the reaction mixture.

3.1.2. M&* dissolution in the ionic liquid

Fig. 2b and c shows ESR spectra taken from two frozen
solutions [MoC§ + hmimBF] differing in the molybdenum
concentration.

The spectrum of the diluted sample [1 mol.% Me€&l
hmimBF] (Fig. 2b) has a very well resolved fine struc-
ture, with relatively weak components originating from an
additional splitting on Mo isotopes. Comparison of the inte-
gral intensity of this signal with the intensity of the standard
(Fig. 2a) permits us to evaluate the fraction of “ESR-visible”
Mo°* ions in the sample as80%. In addition to the strong
specific signal from isolated Mé ions (@=1.94), a very
weak unstructured line is observed in the high-field region
(g~1.73; AHZ75G). This line can be attributed to the
admixture of species consisting of weakly aggregated™o
ions.

A 10-fold increase in the molybdenum content in the sam-
ple [10 mol.% MoC§ + hmimBFR,] causes a-2-fold rise only
of the intensity of the ESR signal from isolated ¥Mdons
and the signal becomes less resolviel) (2c). At the same
time, the intensity of the additional high-field line increases
by a factor of~5 which agrees with the above assignment
of this signal to the weakly aggregated ¥Madons. From the
comparison with the standard, we can conclude that the frac-
tion of “ESR-visible” Mc@>* ions in this case does not exceed
~25% (~20% of isolated M&" ions plus~5% of weakly
interacting ions). In fact, the brown opalescent mixture of
10 mol.% of MoCk in hmimBF, does not look as a real solu-
tion. Anyway, mixing of 10% of MoGJ with the ionic liquid
is accompanied by a very substantial dissipation of Mol
this specific “solvent”, with stabilization e¥1/4 of molybde-
um(V) in a form of isolated ions. The rest of Mag@Emains
undissolved.

3.1.3. Metathesis of hex-1-ene on the catalyst
[(Mo®>*)—ionic liquid]

The system [10 mol.% of Moglin hmimBF,;] demon-
strates a high catalytic activity in hex-1-ene metathesis. As
in the case of W-containing samplg§, oct-4-ene is formed
as the main product of the reaction. It means that fast isomer-
ization of the starting hex-1-ene to hex-2-ene takes flHce
The kinetics of metathesis is presente#iig. 3. No induction
period is observed in the case of RqFig. 3). The lack of
the induction period confirms that the number of catalytically
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Fig. 3. Kinetics of hex-1-ene metathesis at’20in the system [10 mol.%
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acting ions disappears completely in the course ofthe reaction
(Fig. 4). During the first 10 min of the reaction, the fraction
of ESR-visible isolated Mo(V) species increases from 25 to
~60% and after 1 h, it reaches90% of the total number of
molybdenum ions in the sample. So, in the presence of an
olefin, 100% dissolution of MoGltakes place and virtually

all atoms of the catalytically active component are stabilized
in a working catalyst as isolated paramagnetic complexes of
Mo®* ions. Fractions of other valence states of molybdenum
(Mo** and MJ*) in the active catalyst are negligible.

A visual change of the ionic liquid layer is also clearly
seen after the reaction: an originally brown opalescent liquid
becomes a clear solution with a bright green-blue color. Thus,
interaction with the olefin causes further dissolution and sta-

active sites in the MoGtbased system is very considerable bilization of isolated paramagnetic Mbcomplexes in the
from the beginning of the reaction. The rate of transformation layer of the ionic liquid. One can assume that organic frag-
of the starting hex-1-ene to dec-5-ene, being relatively high ments are included in the coordinative sphere of the formed
at the beginning of the reaction, falls down to a negligible paramagnetic species. Atthe same time, no other ESR signals
value after~25min and hex-2-ene metathesis to oct-4-ene attributable to organic radicals can be detected in the course
becomes highly selective in a further process.
ESR testing, with the highest possible amplification, of magnetic species is not accompanied by the charge transfer
probes of the olefin layer taken in the course of the reaction and the density of the unpaired electron in the paramagnetic
show no signal from M®&" species. Therefore, the reaction complex formed remains located completely on the°Mo
in the biphasic system proceeds as a heterogeneous catalytion.

process: virtually all the isolated Mbions are located in the
ionic liquid.

Fig. 4 demonstrates the transformation of the WVHESR
signal accompanying the catalytic reaction. The integral
intensity of the signal from isolated Mb ions in the ionic
liquid increases drastically and the high-field line from inter-
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Fig. 4. ESR spectra recorded at196°C of the probes of the [10%
MoCls + hmimBF] layer taken at different steps of hex-1-ene metathesis
at 20°C: (a) before the reaction; (b) after 10 min of the reaction and (c) after
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of the reaction. Therefore, the formation of additional para-

Thus, the Mo(V) state of the active sites localized in the
ionic liquid seems to be entirely responsible for the catalytic
metathesis of hex-1-ene to g @roduct.

It is interesting to compare our results with the data
received earlier by Kazansky and co-workers for het-
erogeneous supported catalysts MO, [14,15] and
WO3/SiO; [16,17]activated byy- or UV-irradiation in pres-
ence of CO and alkanes. It was demonstrated that these
catalysts, with partially reduced Mo and W sites, are very
active in metathesis of propene and hexene. ESR monitor-
ing confirmed an accumulation of Mo(V) ions as a result of
the reductive pre-treatmefit5]. In discussion of the reac-
tion mechanism, the activity was related with formation of
ions with (1V) rather than (V) valence state. From the other
hand, it was supposed that the pre-reduced ions interacted
with olefin with formation of the carbenic complexes being
active sites for further chain metathesis and formally, the ion
in such complex had the (V) valence state. Our data shows
unambiguously that the paramagnetic (V) state of the Mo ions
in active complexes localized in the ionic liquid is predom-
inant and fractions of other valence states of molybdenum
{(VI) and (IV)} in the active catalyst are negligible.

3.2. Study of the [(W)—-ionic liquid—hex-1-ene] system

The starting pure WGl powder shows a weak,
slightly asymmetric, low-field ESR line, witg=2.25 and
AH~ 130 G. This signal can be attributed to a small admix-
ture of paramagnetic W(V) ions in the matrix of bulk WCI
Any details of paramagnetic sites coordination and loca-
tion cannot be determined, yet this specific signal is simply
indicative of the presence (if so) of the starting solid \W/ClI
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Table 1
Fraction of ESR-visible WF in different ionic liquids after hex-1-ene

£ metathesis at 20C for 2-2.5h
g, lonic liquid Starting amount of Fraction of tungsten
? ; T T T 1 WClg in ionic liquid ions detected as
&2 3000 3200 3400 3600 4000 (mol%) ESR-visible W+ (%)
'g Magnetic field, G hmimBF, 10 20
= hmimBF, 2 38
- hmimBF, 0.5" ~60
W) AREEEEEEE ST S S RSRET S STNS hpyrBF, 10 11
emimBR 5 11
bmimBF, 10 5
& =177 emimOTf 10 9
‘2 DPPH )
3 ‘ Trihexyl(tetradecyl)- 10 0
T”a phosphoniumBE
= | * After 18 h of the reaction.
& ‘ T | T T T | ** After 2h at 55°C.
;E 3000 3200 3400 3600 38d0 4000

Magnetic field, G . " i . e
fractions of WP* accumulated in different ionic liquids after

(b) 10— a long-term metathesis of hexene are calculated in the above-
mentioned assumption and givenTable 1
The data obtained demonstrates thatthe number ofisolated
o177 W5* species accumulated in the layer of the ionic liquid after
DPPH ] the reaction can reach a very considerable valable J).

v As in the case of Mo-containing mixtures, a visual change of
the ionic liquid layer takes place as a result of the reaction:
the ionic liquid becomes a solution with a deep blue-green
3000 3200 3400 3600 0 4000 color. Thus, interaction with an olefin causes a partial dis-

Magnetic field, G solution/reduction of tungsten, with stabilization of isolated
paramagnetic W complexes in the ionic liquid. On the other
© -15 hand, in ESR spectra of the probes taken after the reaction,
a rather weak low-field ESR line @&=2.25 can be still
detected. The presence of this line being typical of the yVCl

Intensity, arb. units.

Fig. 5. ESR spectra recorded-at96°C of the probes of the ionic liquid
layers taken after 2 h of hex-1-ene metathesis atC@Qa) 10% WC§ in

emimOT; (b) 10% WC4 in bmimBFs and (c) 2% WG in hmimBF. phase points to preservation of a noticeable part of the par-
ent WCk in the ionic liquid in a form of undissolved bulk
particles.

in our reacting mixtures. Really, mixing of 10mol.% of No ESR signals from &' species can be detected for

WClg with ionic liquids results in the formation of muddy, the olefin layer taken in the course of the reaction. Again, the
brown suspensions. ESR spectra of these suspensions comeaction in the biphasic system prepared from ¥\{ftbceeds
sist of a weak low-field line mentioned above and a very asa heterogeneous catalytic process: isolatetspecies are
weak high-field signal, ag~ 1.75, from a trace amount located in the ionic liquid solely.
of isolated W* species. Preservation of the low-field ESR No transformation of hex-1-ene takes place after 2.5 h of
line after mixing the components points to the preserva- the reaction when the phosphonium ionic liquid is used. In
tion of the bulk WC} particles being suspended in the ionic  parallel, no ESR signal from paramagneti€Vibns appears
liquid. in these reaction mixture3dble J. By analogy with Mo(V),
Subsequent long-term reaction in the triple mixture the W(V) state of the active sites localized in the ionic liquid
[(WClg)—ionic liquid—hex-1-ene] at room temperature is seems to be responsible for the catalytic metathesis of hex-
accompanied by the appearance of strong high-field ESR1-ene to the gproduct.
signals, as shown ifrig. 1 ESR spectra of other systems In a preliminary study, the reaction was carried out for
are additionally presented iRig. 5 The problem of the = 2-2.5h and only the resulting reaction mixture was analyzed
guantitative measurement of these signals is the lack of[1]. In testing the system [2% WgthmimBR—hex-1-ene],
the appropriate W-ESR standard. However, we still can with a reduced WG content, it was found that no prod-
evaluate the number of 9 ions in our probes using the ucts and no W' ions were formed after 2 h. However, an
molybdenum(V)-ESR standard as a rather close analogue ofovernight mixing of this system resulted in the appearance
the tungsten(V)-containing system. Thus, double integrals of both reaction products and paramagnetie"\&pecies in
of the signals shown irrigs. 1 and 5are compared with  large quantitiesTable J). So, an induction period lasts hours
the double integral of the M3-ESR standardHg. 2a). The in this diluted system.



170 A.V. Kucherov et al. / Journal of Molecular Catalysis A: Chemical 237 (2005) 165-171

-

/ .\
~

tn

Ty
1 L e | W "-complex],
-=1
] I
(N e I
NI i
.Rl ' :
1 [
[
I

arb. units

Cjo-formation

o

:

0 10 20 30 40 50 60

Hexene conversion rate, pmol/min

Time, min

Fig. 6. Kinetics of hex-1-ene metathesis at’20in the system [10 mol.%
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For the low-loaded reaction mixture [0.5% (WG

hmim-hex-1-ene], the induction period lasts even days: nei-

ther reaction products nor %/ species can be detected after
36 h of the interaction at 2@C. Subsequent treatment of the
mixture at 55 C for 2 h leads, however, to appearance of the
Cg product and reduction of a big fraction-60%) of WP*
ions to isolated W" speciesTable J).

For better understanding of the [(WiE+onic liquid—hex-
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1-ene] system transformation during the reaction, the kinetics Fig. 7. Kinetics of hex-1-ene metathesis aP@an the system [10 mol.%

of both product formation and ¥ species accumulation
were monitored in parallel.

Fig. 6shows the kinetics of hex-1-ene metathesis at20
with the catalyst [10 mol.% WGHomimBF], with an over-
lapped curve presenting the process 6f\&pecies accumu-
lation in the bmimBE layer. Both G formation and W*

accumulation curves show a similar S-shape behavior with
a noticeable induction period. The repeated ESR testing of 1
the sample taken during the induction period and placed into

the closed ampoule shows a sharp increase of thie BR
signal after the additional ampoule exposure &tQ@or 20 h
(Fig. 6, arrow). Therefore, the slow reduction of W(VI) by
the olefin dissolved in the ionic liquid layer lasts in a closed
ampoule.

Fig. 7a demonstrates that the same type of the process,

with induction period, takes place in the system [10 mol.%
WClg—hpyrBRi—hexene]. After 2 h of the reaction, the layer
of the ionic liquid was retained in the reactor and the cat-

alytic reaction was repeated with a fresh portion of hexene.

The kinetics of the product formation in this second test is
presented irkig. 7. No induction period is seen in the sec-
ond test, as distinct from the first onEig. 7). These data
confirms once more that the catalytic formation of thg C

product is governed by the presence of paramagnetic W(V)

species in the ionic liquid layer. The formation/accumulation

of these catalytically active species occurs rather slowly at
the first step of the process started from the W(VI) state

WClg + hpyrBR]: (a) first testing and (b) second testing, with the same ionic
liquid layer.

. Conclusions

A quantitative approach is successfully used for the first
time in the ESR study of catalysts prepared by dissolution
of WClg and MoCk in ionic liquids.

2. The key role of isolated paramagnetic complexes 8f W

and Mo* ions in the catalytic metathesis of hex-1-ene is
demonstrated. The number of ESR-visible isolated para-
magnetic M&* complexes in the ionic liquid reaches
~90% of the total number of molybdenum ions in the
sample.

. It is shown that the reaction in the biphasic system pro-

ceeds as a heterogeneous catalytic process: virtually all
isolated W* or Mo®* species are located in the ionic lig-
uid.

. Thekinetics of formation/accumulation of isolated param-

agnetic W* species at the first slow step offieduction
by an olefin agrees closely with the kinetics of metathesis
to the G product.

(Figs. 6 and @). Itis reasonable to assume that for the sample Acknowledgement

of the ionic liquid which accumulated a maximum amount of

the active W(V) species as aresult of the first test, therepeated  Authors thank Merck KgaA, Darmstadt, Germany for a

reaction proceeds without any induction periéi( 7b).

kind donation of ionic liquids.
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