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Abstract

KF supported by various supports was characterized by DTG-DTA coupled with mass spectral analysis of the gases evolved by the solid,
in situ XRD, calorimetry1®F NMR spectroscopy, and tested in the Michael addition of cyclohexene-2-one with nitroalkanes. After dehy-
dration at low temperatures, frof?F NMR spectroscopy F is in part as KF when the suppost-&dumina but only as KAIFg when the
support isy-alumina. During activation no fluorine is lost. @ralumina KF is detected by XRD only after calcination at about 723 K and
results in part of the decomposition ogKIFg; it disappears with formation of ¥AlF5 and KAIO, at higher temperatures. A compari-
son of the results obtained by XRD and NMR suggests that KF is well disperseeabmmina. KF&-alumina is a strong base, stronger
than KF ony-alumina, and more active for Michael reactions. On &Blumina the Michael condensation of 2-cyclohexen-1-one with
nitroalkanes can be achieved in 5 min with an equimolar mixture of reactants. Solvent-free reactions can also be achieved reaching 75%
yield in adduct after 8 h, and K&#alumina is also active after simple drying at 393 K, avoiding the usual activation at higher tempera-
tures.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction The identity of the active phase is also disputed: loadings
higher than that required for monolayer coverage are usu-
KF/alumina was introduced by Clark [1] as solid base ally needed for high activities. KF was not detected by X-ray
and has been applied as catalyst to a wide variety of or- diffraction at low loadings, while both KF andjhIF¢ were
ganic syntheses. Several recent articles have reviewed thigresent at higher loadingssKIF pure or supported on alu-
field [2—4]. Conflicting conclusions have been reported on its mina showed no catalytic activity for the base-catalyzed self-
base strength: most authors consider it to be weak or modercondensation of benzaldehyde to benzyl benzoate [5]. Fur-
ate, but some note high or even superbasicity. The conditionsthermore, the catalytic activities of alumina-supported KOH
of activation and the loading seem to be critical to its prop- and KkCOz were lower than that of KF/AO3. These results
erties. Supported KF needs, for instance, to be activated atsuggest that the catalytic activity of KF/ADs is associated
about 650700 K and the reason for this is not quite clear with F~ ions rather than & ions, which may be the ac-
[4,5]. This is unfortunate since the requirement of activation tive sites on KOH or KCOz supported on alumina. The
at high temperatures is considered inconvenient for indus- identification of the active F species has been attempted
trial applications in reactors designed for operation at low by 19 MAS NMR with controversial results. Several peaks
temperatures. at —123,-132,—-157, and—166 ppm have been observed
and identified to F in water, KF, KAlIFg, and AlFs, re-
spectively [6]. The active site has been related either to the
E-mail address: figueras@catalyse.cnrs.fr (F. Figueras). species characterized by a peak-di35 ppm [3], or to the
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addition reactions [8], aldol condensations [9,10], hydration Table 2
of amides, alcoholysis of esters and epoxides [11], and theChemical composition and surface areas of the supported fluorides

Darzens reaction [2]. In the Michael reaction, KF/alumina sample K F KF Surface  C@ adsorption
reached complete conversion for the reaction of nitroethane (%) (%) (atonyatom) area (B/g) (umolg?)
with 3-butene-2-one, in 3 min, using, however, a ratio of KFi« 28 11 12 94 14
nitroethangbutanone= 20 [12,13]. With a ratio reduced to =~ KF10x 144 55 12 48 106
4 the reaction time increased to 30 min [4]. Such high excessXF1¥ 403125 15 234 989

. i F10y 144 52 13 35 92
requires a large recycling of the unreacted product and a cat-, ., (10mmojg) — - 149 B
alyst working with an equimolar ratio of reactants would be kr1-anatase 3 17 11 44 _
interesting. Another recent preoccupation for the chemical KFi1-rutile 35 104 16 6 -
technology of the future is the avoidance of noxious and en- KF-A-MCM-41 1.5 07 1 97 -

vironmentally unacceptable organic solvents [14]. The aim
of this work was then to investigate the effect of the sup-
port on the properties of KF in order to understand better its ~ Two instruments were used for X-ray powder diffrac-
activation and to design a catalyst able to catalyze Michael tion. For the standard measurements at room temperature
reactions with a 1:1 ratio of reactants under solvent-free con- under air, the patterns were recorded on a Philips PW1050
ditions. goniometer equipped with a diffracted-beam graphite mono-
chromator (Cu-K radiation). The in situ patterns were per-
formed on a Siemens D500 goniometer bearing a high-
2. Experimental temperature camera [16] using Ni-filtered Cy-Kadiation.
A position-sensitive detector (Raytech) was used in step-
a-Alumina (SPH 512, 10.5 &Yg) andy-alumina (SCP ~ scanning mode from 10 to 11Q20) (64 channels used,
350, 400 m/g) from Rhone Poulenc were used as sup- Step size of 0.016(20), 1 or 8 gstep). The data were
ports. Titanium oxides were supplied by Millenium Inor- processed with the DiffracPlus software (Bruker-Socabim).
ganic Chemicals. KF was supported onto these supports us-The phases were identified using the Powder Diffraction File
ing impregnation. The precursor salt was KBH,0 from (PDF) database (JCPDS, International Centre for Diffraction
Aldrich. For instance KF& was supported or-alumina: Data).
15 g of alumina milled to a fine powder was poured into ~ For calculating phase concentrations by the Rietveld
150 mL of water containing the desired amount of KF method, diffraction peak profiles were modeled using the
(1 mmol KF/g of support for KF1). Water was evaporated DBWS-9411 code [17] for structure refinement with a
at 323 K and then the solid was dried at 383 K. KFA was pseudo-Voigt function that had average crystallite size as
supplied by Aldrich, and KF/AI-MCM-41 was prepared by a fitting parameter [18].
impregnating a solid prepared according to a published pro- ~ The isotherm for M adsorption at 77 K was determined
cedure and containing 0.15 wt% Al [15]. The characteristics on solids activated at 723 K in Nor air and then des-
of the supports are reported in Table 1. The different cata- orbed in situ at 473 K in vacuum. A few samples were
lysts reported in Table 2 were thus obtained by changing the characterized by calorimetry using @@dsorption at room
support and the amount of fluoride. The catalysts were ei- temperature with a Tian—Calvet calorimeter on samples ac-
ther calcined at 723 K or evacuated at different temperaturestivated in vacuum at 673 K. The desorption of £@as
in good vacuum just before use. K and F were analyzed in also investigated by programmed desorption using a Se-
two separate experiments: K was analyzed first at IRC by taram DTA-DTG apparatus coupled with a mass spectrom-
ICP after dissolution of the solid, and F was determined in eter.'F MAS NMR spectra were recorded at 8.5 kHz on a
a second step by potentiometry using a specific electrode atDSX400 Bruker spectrometer, with a 2.5-mm NMR probe
SCA-Solaize. The F/K ratio of the impregnated solids lower from Bruker. The chemical shifts were referenced relative to
than 1 is attributed to some rehydration of hygroscopic sam- external CFG.
ples before the second analysis and to some heterogeneity The Michael additions of nitroalkanes to 2-cylohexen-1-
induced by impregnation. one were investigated at 323 K in batch conditions using a
three-neck glass reactor equipped with a condensor. The ra-
tios of reactants 3 and 1 were used, with dimethylformamide

Table 1 (10 mL) as solvent and 0.1 or 0.3 g of catalyst. Decane
Characteristics of the supports (0.1 mL) was used as internal standard for the chromato-
Support Origin Reference  Surface ared (o) graphic analysis. The solvent and the substrates were mixed,
a-Alumina Rhéne-Poulenc SPH 512 50 then the catalyst freshly activated under vacuum was rapidly
y-Alumina Rhoéne-Poulenc ~ SCP 350 400 introduced (under an inert Ar atmosphere), and the measure-
Rutile Millenium RL11A 10 ment was started. Reactants and products were analyzed by
Anatase Millenium DT51 94

gas chromatography (Perkin-Elmer) using a polar capillary

Al-MCM-41 home made - 880
column.
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Fig. 1. DTG- DTA trace of KF&. Angle 2Théta (°)
Fig. 2. XRD pattern of/-alumina supported KF after calcinations at 723 K
3. Results and transfer in air.

3.1. Thermal analysis of supported KF

The DTA trace of KFl#-alumina is reported in Fig. 1
and shows two weight losses: one in the range 400-750 K
corresponding to an endothermic event, and the second one_
to a broad exothermic peak above 800 K. The gases evolvedsa
by the solid during thermal analysis were analyzed by mass £
spectrometry recording the characteristic masses of water,
fluorhydric acid, and C® as a function of temperature.
The first weight loss is composed of loosely adsorbed wa-
ter. Above 750 K the solid loses mainly water, but a very J
KF1 o

small peak of C@ (not shown) could be observed at about JLL JL
813 K. No HF was detected in this analysis on 50 : / d . - -
that the broad exotherm is attributed to a solid-state reaction 20 30 40 50 60 70
of the fluorides with the support. No HF evolution was de- 29 /°

tected with KF and only a small peak was observed on o _
KF10x, with a concomitant loss of water, suggesting that Z_'g' 3. X;rai’j_pa“er?ts rec?r_ded_ in a"7°2fSKl': S‘O“F’Fg;idf‘mr']“m'lna for
HF is produced by hydrolysis of the fluoride at about 813 K. p'hg:r:; (?;e':tgzla er calcination at - On Kelonly the alumina
With KF/y-alumina a regular weight loss was observed cor-

responding to water, with no F evolution.

loaded sample 1 mmol K&falumina was chosen to investi-
gate the presence of the KF phase after treatment.

The XRD patterns were continuously recorded during the
increase of temperature (0.15/iKin) which corresponds

The XRD pattern ofa- or y-alumina-supported sam- to a 16 K temperature increase during the pattern record-
ples, as prepared (without calcination), shows thé\Ke ing. The most significant patterns are shown in Fig. 4.
phase. After calcination at 723 K, only theKIFg lines are The XRD patterns of KRd as prepared at room tempera-
observed on the samples supportedybgplumina (Fig. 2)  ture contain only weak reflections of:KIFg in addition to
whereas on the-alumina support, the KF phase appears those ofe-alumina and KHC@. The carbonate is decom-
but only for samples with higher loading (Fig. 3). The mix- posed above 400 K, the temperature at whigAlcs begins
ture of the two phases 3IFg and KF is present in the to sinter. Around 723 K, the diffraction lines of3KIFg
commercial sample KFA as reported earlier [4]. Weak lines decrease in intensity and the characteristic reflections of
corresponding to carbonated or hydrated phases (KEHICO KF appear, showing its presence and crystallization on the
K2CO3(H20)1.5, K(H20)OH) were also seen on the pat- sample containing 1 mmol K&talumina. Beyond 773 K,
terns. K3AlFg disappears, and KF stabilizes reaching a maximum

In order to avoid the formation of these phases and to de-and then starts to decrease and disappears around 900 K. At
termine those existing under conditions close to those of thethese temperatures, new phase#élks (PDF 46-1013) and
catalytic reaction, a thorough investigation was performed KAIO, (PDF 2-897 and 45-849) are formed.
using in situ measurements in a controlled atmosphere in  The phases present at 723 and 773 K were specially stud-
flowing He from room temperature up to 1000 K. The low ied. Two batches of as-prepared KiWere heated up to

3.2. XRD analysis
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Fig. 5. Plot for the Rietveld refinement of a X-ray pattern measured under
a controlled atmosphere on Ké&lcooled to room temperature after acti-
vation to show the presence of KF. Marks from up to down correspond to
s e reflections ofxAl,03, KF, K3AlFg, and KALO; in this order. Rwp= 0.10

2 () and Rf= 0.9 for KF.

Fig. 4. Evolution of the X-ray pattern of the KkIcatalyst as a function of

temperature. The KF phase is clearly present at 777 K. Table 3

Phase concentrations (wt%) estimated by Rietveld refinement of the in situ
XRD pattern (recorded at room temperature) of the samplexKF1

these temperatures and cooled down to room temperature «-Al,05 KE K3AIFg + KAIO
always under controlled atmosphere. High-quality patterns ~ cred 0 723 K 96 (1) 1.93) 23(2)
were recorded at these temperatures and at room temperacaicined to 773 K 95 (1) 2.3(1) 2.4(2)

ture to estimate the phase concentration by Rietveld analysis:
The patterns obtained at room temperature showed that the
KF phase observed between 723 and 900 K was retained KF10y has a strong OH band at about 3500 ¢meven
so that it is believed that the phases observed by this in situafter evacuation at 573 K. Therefore hydroxyls can be the
XRD investigation are those present in the working catalyst. active sites when KF is supported gralumina but not on
It is well known that KF is hygroscopic, so that when the «-alumina.
sample is put to air, it is rehydrated, probably carbonated,
and the phase KF disappears. 3.4. Surface areas of supported KF

For phase refiningg-alumina was simulated by a crys-
talline structure of rhombohedral symmetry with spatial The changes of surface area of the materials are reported
groupR-3c [19], K3AIFg by a cubic structure with spatial  in Tables 1 and 2, and also support the occurrence of a mod-
group Fm3m [20], and KF also by a cubic structure with ification of the support either by the basic solution of KF or
spatial grougem3m [21]. An orthorhombic symmetry with by a solid-state reaction. The addition of 10 mygdf KF to
spatial groupPbca was utilized for simulating the phase «-alumina induces a decrease of the area from 9 t& fgm
KAIO> [22]. An example of the refinements is shown in The magnitude is larger whenalumina is used as support
Fig. 5. The results of the Rietveld refinement are reported with a 10-fold decrease. This is consistent with a reaction be-
in Table 3. KAIF5 formed above 773 K has been reported tween the fluoride and the-alumina consuming KF. These
in the phase diagram KF-A§23] in the same temperature  simple characterizations are evidence that fluorides interact
range and could not be quantified precisely. Standard devi-strongly with y-alumina which has an acid character and
ations, given in parentheses, correspond to the variation ofmuch less withx-alumina which is neutral.
the last figures of the corresponding number. Since they cor-
responded to refined parameters, they are not estimated 08.5. Basicity of the solid
the analysis as a whole, but only of the minimum probable

errors based on the parameters normal distribution [24]. The calorimetric results determined on samples evacu-
ated at 673 K are reported in Fig. 7 in terms of differential
3.3. Infrared analysis of the solid heats of adsorption as a function of the surface concentration

of COy in order to take into account the different surface ar-
It has been proposed [25] that KF could simply intro- eas of the samples. A larger heat of adsorption and a larger
duce hydroxyls at the surface of alumina, and this hypothesisnumber of basic sites are noted on the sampled&Ebm-
was investigated by infrared spectrometry on samples firstpared to KF¥. At 10 mmol/g loading the difference is
calcined at 473 K and then evacuated at the same temperasmaller. About 0.1 mmghg of basic sites is measured by
ture (Fig. 6). KF1@ has practically no hydroxyls, whereas adsorption of CQ on KF1Qx. This number of basic sites
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Fig. 6. Infrared spectra of supported KF after calcination and vacuum treatments at different temperatures.
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Fig. 8. F NMR spectra of KFb and KF 1 after storage at room temperature
(a and b) or evacuation at 623 K (c).

are reported in Fig. 8. These spectra show three different
species with different relaxation times T1, and different in-
tensities: a narrow line at118 to—121 ppm, attributed to
free liquid-like F~ anions, which is indeed the main line
in KF5« sample, a line at-158 ppm attributed to KAIFg
observed on both samples, with higher intensity at low KF
content, and a line at 133 ppm attributed to KF, very weak
for KFla (spectrum b), and more intense for Kfspec-
trum a). After vacuum treatment at 623 K and transfer of
KFla under argon (Fig. 8c) the line at118 ppm disap-
pears and three lines are visible: th@58 ppm signal due
to K3AlFg, and two weak lines at 168 and—174 ppm. The
signal at—168 ppm has been earlier assigned to F inzAlF
The species at-174 ppm is observed on the K&kample
only and not on the KF1® sample after evacuation at 623

represents only 1% of the original F atoms, suggesting thator 923 K. Since the size of the crystals of KF increases with

the basic sites have a very specific environment.
3.6. 19F NMRinvestigation

The nature of F species was investigated by MAS NMR:
the spectra obtained with Keland KF& stored in air

the loading, as seen from the evolution of the XRD lines of
Fig. 2, the signal at-174 ppm, indicative of a F bearing a
higher negative charge, could be tentatively assigned to F
linked to defects of the small crystals of KF.

Fig. 9 reports the spectra of KFdQreated at 623 or
923 K. It appears clearly that the line-at.34 to—136 ppm
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Fig. 9. F NMR spectra of KFi@after dehydration at (a) 623 K or (b) 923 K. Fig. 10. 19F MAS NMR spectrum of KF10 after drying overnight at

393 K.
related to KF is strong on this sample after dehydration at o o]
623 K and then disappears at 923 K. At this high temper- supported KF
ature the sharp peak assigned to F igAK-s decreases + CHCHNO, —— > CH
in intensity and is broadened. This broad peak then con- DMF, 50°C cH’ ’
tains several components and can account for the observa- S.Sor SR NO,
tion by XRD of different fluorinated phaseszKIFs and
KoAIFs. Scheme 1. Michael reaction of nitroethane and 2-cylohexen-1-one.

The spectrum of KF1f after drying at oven temperature
is reported in Fig. 10. This solid exhibits a strong line at reached with a catalyst just dried at oven temperature. This

—158 ppm due to KAIFe and a weak line at 118 ppm of  property is specific to the sample supporteddbglumina
liquid-like F~ anions. In that case nearly all KF has reacted and is not reproduced ogn-alumina. The kinetics of the re-

with the support. action has not been investigated in detail but it is clear that
the effect of the ratio nitro compouyikletone is very differ-
3.7. Catalytic properties ent when changing the support: decreasing this ratio from 3

to 1 the rate is maintained at the same level with &F&/ith

The Michael condensation of 2-cylohexen-1-one and ni- KF1y the rate with a ratio of 3 is low and the ratio was not
troethane (Scheme 1) yields two isomers which can be sep-decreased further.
arated by gas chromatography. The catalytic properties are Different supports, including acid and basic forms of tita-
reported in Table 4. The reaction is limited to Michael addi- nia and one AI-MCM-41, are compared in Fig. 11. Rutile
tion, and reaches high conversions, however, after quite dif-which has basic properties is a good support, but anatase
ferent times. KF supported arralumina is more active with  and AI-MCM-41 are not suited as supports. The aqueous
both nitro compounds. The difference in activity is small for solution of KF used for impregnation is strongly basic and
aloading of 10 mmaolg but reaches a factor of 6 at low load- attacks both solids as evident by the decrease of surface after
ing. It is interesting to note that high conversion can also be impregnation.

Table 4

Catalytic activities of supported fluorides for Michael condensations of 2-cyclohexen-1-one with nitromethane (NM) or nitroethane (NE)

Sample Nitroalkane Ratio Treatment Final conversion Time Initial rate
nitro/ketone temperature (K) (%) (min) (28 molmin—1g=1)

KFla? NM 3 623 95 180 a3

KF1002 NM 3 623 99 240 1

KF10y2 NM 3 673 98 220 78

KF1a? NE 3 623 97 30 r

KF1y2 NE 3 623 71 375 @

KF1a? NE 1 623 85 300 B

KF1aP NE 1 Not activated 75 120 5

KF1yP NE 1 Not activated 39 480 0

Pretreatments are in vacuum at the specified temperature, weight of c&@lgss; 0.1 g.



J.-M. Clacens et al. / Journal of Catalysis 221 (2004) 483-490 489
100 100
Y Y . Y
L d - hd
80 - T v
y _—— 80 -
/// e}
= // .......... -
S 60 g o =
S Ao - 2
o » = c %07
g _—— o
i I e | a—
g * O.Oﬁ/ — ®  KF1 g
: : [
I‘ s [e] KF1y >
oo v KF1-Rutile £ 40
20 ¢ ¥ ‘./ v KF1-Anatase 8 7 —&— 10 ml of DMF
. = KF1-A-MCM-41 % —O—2mlof DMF
e
Y — — g e — #— no DMF
v 7/
0¥ ; ; ; . 20 ,
/
0 100 200 300 400 500 d
Time (min.) ///
0 . . . .
Fig. 11. Catalytic activities of KF-supported catalysts at room temperature 0 100 200 300 400 500
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an equimolar ratio of reactants.
Fig. 12. Effect of the amount of solvent on the conversion of cyclohexenone
(2.5 mmol) and nitroethane (2.5 mmol) catalyzed by KF1

4, Discussion

The support effect is clearly evident both on catalytic perature range of activation, about 723 K, and accounts for
properties and on the basic strength measured by the adsorpthe promotion of high basicity on KF10 The maximum of
tion of COp. It can be first remarked that whereas KF/ activity as a function of temperature can also be attributed
alumina exhibits a strong OH infrared band, kFdlumina to the consecutive disappearance of KF with formation of
shows no OH band (Fig. 6); therefore if both OH anddan KAIO (the corresponding loss of fluorine has been detected
be considered as active sites on KFdlumina, there exists  above 800 K by mass spectrometry). On both supports strong
only one possible association of fluorine on KFdlumina. basicity appears when KF is formed and this is an argument
Moreover the low activity (Table 4) of KF30dehydratedat  for proposing the fluoride as the active phase. The difference
oven temperature and consisting mainly igMFs suggests ~ between the two supports is that aralumina, KF can be
that this phase is not active, as suggested earlier by Handa etormed at low temperatures by simple dehydration, i.e., reac-
al. [5]. tion of the liquid-like F~ species with adsorbed K, whereas

It appears clearly that the intermediate phases observedon oury-alumina this fluorine species is lacking and KF re-
on the solid are completely different when the support sults mainly from the decomposition ofsKIFe at higher
is changed. On Klef-alumina stored at room temperature temperatures.
XRD is unable to detect KF whatever the loading. However  The use of different supports suggests that neutral or ba-
KF is detected in small concentrations by NMR by the peak sic supports are preferred, since acid supports react with the
at —133-136 ppm at 1 mmpd, and more clearly at 5 and  basic solution of KF: this is true fop-alumina but can be
10 mmol/g, and therefore exists as a well-dispersed phase.extended to titania and AI-MCM-41. KFfalumina gives
It must be considered that the species of liquid F is also po- good yields for the Michael addition of cyclohexenone on ni-
tentially a source of KF upon dehydration. After treatment at troalkanes only with high nitroalkane/olefin ratios and high
about 723 K, KF is detected by XRD even at a low loading KF content, but is much less active at low KF content or
of 1 mmol/g, with a low concentration of about 2 wt%. Acti-  with the stoichiometric mixture. Kle-alumina is much less
vation above 723 K results in the progressive disappearancesensitive to the ratio nitroalkane/olefin and reaches high con-
of KF with the formation of other phases. The evolution of versions with the equimolar mixture of reactants. An attempt
the XRD patterns of Fig. 4 shows the growth of KF crystals. was made to decrease the amount of solvent, with the same
They can be formed in part by decomposition afF¢ ob- equimolar mixture: a more concentrated solution (2 mL of
served simultaneously, and also probably by sintering of a solvent) does not change the results, but under solvent-free
preexisting dispersed/hydrated KF phase. conditions at 323 K, a lower rate is observed and the yield

A quite different situation is found in the case of K&/ reaches 75% in adductin about 8 h (Fig. 12). This result must
alumina in which both XRD and NMR detect only;KIFg be optimized but illustrates the possibility of obtaining rel-
as a fluorine-containing phase. Many authors [4—6] have atively high yields in the absence of solvent. The longer re-
pointed out that KR/-alumina shows a significant activity — action times when the nitroalkane/olefin ratio or the amount
only after activation at higher temperatures. The decompo- of solvent decreases suggests an inhibition of the reaction by
sition of KzAlFg with formation of KF occurs in the tem-  the olefinic ketone.
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