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Abstract

For the Knoevenagel condensation of benzaldehyde and malononitrile in 1-butyl-3-methylimidazolium hexafluorophosphate omim)PF
to which alkali metal hydroxide in ethanol had been previously added, the product is formed with high selectivity and the ionic liquid could
be reused for at least five runs without the need of additional base. Low to moderate mass balances were observed in the first runs until the
ionic liquid becomes saturated and the mass balances become almost complete. For the Claisen—Schmidt condensation of acetophenone wit
benzaldehyde, besides the expected conjugated ketone formed with high selectivity, minor amounts of ethyl benzoate are also formed. Reuse
of the ionic liquid require additional amounts of base. Acid—base titration shows that most of the base (up to 80%) may disappear by reaction
with the ionic liquid in the absence of any reagent. Therefore, addition of extra amounts of base is necessary in order to achieve high substrate
conversion in subsequent runs and the reactions become not catalytic. This raises the point that imidazolium ionic liquids are only suitable
for a small range of base catalysed reactions, and that imidazolium liquids substituted at the 2-position will be more suited as medium for
based-catalysed reactions.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction formation of imidazolidene carbengkl,12] This instabil-
ity against bases could invalidate imidazolium ionic liquids
The use of ionic liquids as reaction medium is a topic as a general medium to perform base-catalysed reactions.
of much current interest in the context of environmentally The present work addresses this issue.
friendly chemical reactionfl,2]. Most of the reports in this Herein, we describe our results in two different hydrox-
area have focused on Lewis acid or noble metal-catalysedide catalysed reactions, namely the Claisen—Schmidt and
reactions. In comparison, reports dealing with basic catal- Knoevenagel condensation. For the present study, 1-butyl-3-
ysis in ionic liquids are considerably more scarce although methylimidazolium hexafluorophosphate [(bmimyPwas
it is attracting growing intereq3—7]. At the present they  selected as the ionic liquid of choice due their availability
are limited to O-alkylation of phenols, benzoin conden- and the convenient viscosity at room temperaf@ie
sation and more recently to the Robinson annulation and
Knoevenagel condensation. In the latter case, glycine or
ethylammonium were used as bases and no data concernin@, Experimental
the possibility of ionic liquid reuse was given. In fact, the
major advantage of utilising ionic liquids as solvents would  Addition of the base to the [(bmim)RFwas accom-
be their recycling and this point needs to be demonstratedplished by adding alkali metal hydroxide dissolved in the
for each reactiofi8—10]. However, the possibility that ionic  minimum amount of alcohol. The alcohol was used to facil-
liquids having an imidazolium structure would not be stable itate the addition and solubilisation of the hydroxide and it
in the presence of bases is also possible in view of the easywas subsequently removed by heating atGQunder vac-
uum. For the amount of base and the volume of [(bming)PF
used a clear ionic liquid was obtained after incorporation of
* Corresponding author. the hydroxide.

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2003.05.001



138 P. Formenth et al./Journal of Molecular Catalysis A: Chemical 214 (2004) 137-142

2.1. Knoevenagel condensation o

CN
KOH X
A solution of 7.2 mg KOH (0.2 mmol) in ethgnol (0.2ml) ©)LH + N7 en 4’(bmim) PR N
was added to 0.5 g [(bmim)RBF- The clear solution was out- Room Temperature

gassed at 50C under vacuum for 12 h. To this basic solution,

10.6 mg benzaldehyde (0.1 mmol) and 6.6 mg malononitrile Scheme 1.

(0.2 mmol) were added. The reaction mixture was magnet-

ically stirred at room temperature for 6 h at which time the served was the correspondifigB-dicyanostyrened), that
viscous solution was submitted to continuous liquid—liquid can be recovered by liquid—liquid extraction using ethyl
extraction with ethyl ether until no further product recov- ether Scheme ). However, although the disappearance of
ery was obtained. The organic extracts were then concen-benzaldehyde and malononitrile was almost complete the
trated in vacuum. The reaction mixture was analysed by GC yield of the condensation product was low due to unsatis-
(HP, 5% phenylmethyl silicone, 30 m) and GC-mass spec- factory mass balances. The problem of low mass balance is
troscopy (HP 5644A, 5% phenylmethyl silicone, 25m). Af- not attributable to a poorly performed extraction procedure
ter the ethyl ether extraction, the ionic liquid was submitted since additional extraction did not lead to a significant in-
at 40°C under reduced pressure for 12h and a second runcrease of the mass balance. Furthermore, the mass balance
was performed under identical reaction conditions but with- improves remarkably (>70%) when the reaction is carried

2

out addition of any base. Five reuses were carried out. out under the same conditions but with two-fold the reagent
concentration. Nevertheless the low mass balance, a sec-
2.2. Claisen—Schmidt condensation ond reuse was carried out. We reasoned that the amount

of the reagents and product present in the ionic liquid and

An ethanolic solution (0.2ml) with 8mg NaOH not recoverable by extraction will increase up to a moment
(0.2 mmol) was added to 0.5 g [(bmim)&FAfter treatment in which the saturation of reactants and products will be
of the ionic liquid under vacuum at 5@, 10.6 mg benzal-  reached. At this point essentially complete mass balance
dehyde (0.1 mmol) and acetophenone (12mg, 0.1 mmol) should be obtained. The important issue is to determine at
or ortho-hydroxy acetophenone (13.6 mg, 0.1 mmol) were this moment if the reaction is catalytic from the point of
added. The reaction mixture was magnetically stirred at view of the base and solvent (no additional amounts of base
40°C (acetophenone) or 1:C (ortho-hydroxyacetophe-  needed), if the ionic liquid is reusable, and how high is the
none) for 6 h. After this time, the mixture was exhaustively product selectivity at this stage.
extracted with ethyl ether. The organic extracts were then In fact, a second reuse of the ionic liquid with the same
concentrated in vacuum and the residue was analysed byquantities of benzaldehyde and malononitrile without ad-
GC and GC-mass spectroscopy as before. After ethyl etherdition of extra amounts of base also gives styrene (3) with
extraction and vacuum treatment at°4Q) the ionic liquid almost complete selectivity and with mass balance much
was reused under identical reaction conditions. This cycling higher than in the first round. Mass balance after the third
of reaction/extraction was repeated with or without addition reuse becomes almost complete. At this moment the se-
of extra amounts of NaOH (8 mg) in ethanol (SEsbles 2 lectivity was also completeTable 1 contains the results

and 3for conditions). obtained for this reaction. However, after the third reuse a
certain depletion of base was taken place since the reagent
2.3. Acid-base titrations conversion was not complete. Nevertheless, the process can

NaOH (8 mg) was dissolved in 0.5g of [(bmim)F 1
by means of an intermediate ethanolic solution followed Results of the Knoevenagel condensation of benzaldehyde (0.1 mmol)
by subsequent evacuation at €D under reduced pres-  with malononitrile (0.1 mmol) in [(bmim)Pg& (0.5 ml), containing KOH
sure for 6h, as previously described for the Knoevenagel (7-2mg) at room temperature after 6h reaction time
and Claisen—Schmidt reactions. Then, the ionic liquid was ryn MB (%) Conversion (%)
maintained at room temperature or at 200 Aliquots of

T - 29 96
100 mg of the ionic liquid were periodically taken added to ; 74 04
bidistilled water (5 ml) and the basic emulsion titrated using 3 92 93
a 1072 M HClI solution and phenolphthaleine as indicator. 4 97 57

5 98 60

a8 MB is mass balance defined as millimole &for any product
3. Results derived therefrom divided by initial benzaldehyde millimole in percentage.
Dicyanostyrene was the only product observed with almost complete

. . selectivity (>95%).
The Knoevenagel reaction of benzaldehyd@ Wlth b Conversion indicates millimole initial of benzaldehyde minus mil-

malo_nonitr”e @) was carried out in KOH dissolved in limole of benzaldehyde after 6h of reaction time divided by the initial
[(bmim)PFs] at room temperature. The only product ob- penzaldehyde millimole in percentage.
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Table 2 the conditions studied. Also the mass balances in the first
Results of the Claisen—Schmidt condensation of acetophenone (0.1 mmol)r,n were moderate and they were higher for acetophenone
with benzaldehyde (0.1 mmol) in [(bmim)gIHO.5 mi), containing NaOH 4, oy ¢ henzaldehyde. This seems to point to the formation
(8mg) at 40°C after 6 h reaction time ) .

of unrecoverable benzaldehyde derived products. The obser-

Run MB(%} Conversion (%) Selectivity 105 (%)° vation of ethyl benzoate as a by-product for benzaldehyde
1 56 99 75 lends support to this rationalisation. To confirm that ethyl

2 81 26 99 benzoate derives from benzaldehyde, a control reaction was
o ;595 82 32 carried out in which benzaldehyde in the absence of ace-

tophenone was submitted to NaOH in [(bmimyPEnder
8 MB is mass balance defined as millimoleobr any product derived the same reaction procedure. As anticipated formation of
therefrom divided by initial benzaldehyde millimole in percentage. The ethyl benzoate was observed as the 0n|y product In addition

MB of acetophenone was equal or higher than that of benzaldehyde. th ontrol erf ed i hich o bub
b Conversion is initial millimole of benzaldehyde minus millimole of anotheér control was perform in whic Xygen was bub-

benzaldehyde after 6 h of reaction time divided by the initial benzaldehyde Pl€d through the ionic melt containing benzaldehyde to de-

millimole in percentatge. termine if the aerobic oxidation of benzaldehyde to benzoic
¢ The formation of ethyl benzoate amounts for the difference on se- gcid can take place. Benzaldehyde was recovered without
lectivity up to 100%. any evidence for the formation of benzoic acid. Oxymetric

p o
After addition of an extra amount of NaOH (8 mg). titrations point that the oxygen solubility in [(bmim)EjHs

be considergd catalytic since 0.5mmol of re.agents werevelrr{ It?]vg [;LSl.ond reuse, the mass balance was remarkably
converted with 0.13mmol of base. Our experimental pro- ,her a5 expected and chalcone selectivity was almost com-
cgdure of Knoevenagel rgact|on in ionic liquid co_ntrasts plete. In the third reuse, mass balances were almost com-
with a recent report in whlqh an extractable organic base plete, but very low conversion was observed. Apparently,

(glycine) instead of hydroxide was used, and where the y,q 556 \was completely consumed during the previous reac-

recyhcllng wasdntc))t possmliﬁ]. q ) h ; Cfons. This base consumption does not fit with the simplest
The second base-catalysed reaction that was performeqg,qtion mechanism of the Claisen—Schmidt in which only

in [(bmim)PRKs] was the CIaisen—Schmidt condensation of catalytic amounts of base should be required.
acetophenones with bgnzaldehyde. Flrstly acetqph.erztt)'ne( There are two possibilities to explain the depletion of
was rea(_:ted at 4w W'th ben_zaldehyde n th? lonic "‘_1' sodium hydroxide, either by reaction with the ionic liquid or
uid [(bmim)PF] to which sodium hydroxide dissolved in it henzaldehyde. The fact thaLN'-dialkylimidazolium
ethanolic splutlon was p_rev!ously add&e_lcheme 2 Prior reacts with bases to form imidazolidene carbenes is well
to the reaction, the ionic liquid was submitted to vacuum and documented in the literatufd1,12] Herein, we proceeded
heating to remove the ethanol excess. This point will become 1, e torm an acid/base titration after addition of NaOH and
relevant when dlscussmg the origin of by-products and the ethanol evacuation. We measured that 40% of the added
nature Of_ the _b_ase. Besides the expected chalcgnether hydroxide disappears in the process. Further heating at
product identified as ethyl benzoate) (vva_s also formgd. 110°C leaves only a residual concentration of 20% of the
The results are symmarlsedTabIe 2 The time conversion . added base. These titrations clearly indicate that a signifi-
plot for_the_ reaction of benzaldehydg and acetophenone iS,nt amount of base is consumed by reaction with the ionic
shown inFig. 1. As can be seen in this plot, chalcone and liquid, particularly at high temperatures. In addition, the
ethyl benzoate are both primary and stable products under, ¢ e of the residual base may not correspond necessarily

to OH™, but to other species (s&themes 3 and)4Thus,

it appears that [(bmim)RfF can only be considered appro-
priate medium for those reactions requiring only catalytic
amounts of base in which depletion of the base may not be
so critical. This happens to be the case of the Knoevenagel
condensation.

Furthermore, formation of ethyl benzoate should also con-
sume two equivalents of base according to the mechanism
proposed irScheme 3The fact that ethyl benzoate was not
observed in the Knoevenagel condensation is most proba-
0 R bly due to the milder conditions (room temperature versus

0 50 " 100 150 200 40°C) required for the reaction of malononitrile with ben-
Time (min) zaldehyde. The possibility that the ethyl benzoate would

_ _ _ _ arise from a Cannizzaro type disproportionation was disre-
Fig. 1. Time conversion plot for the reaction of acetophenone (0.1 mmol) ded b d the fail to detect of b | alcohol that
with benzaldehyde (0.1 mmol) in [(bmim)BIR0.5 ml), containing NaoH ~ 9@r0€0d based on the failure to detect of benzyl alcohol tha

(8mg). Plots for compounds, 5 and 6, have been indicated withé) should be the concurrent product for this type of dispropor-
(M) and (A), respectively. tionation reaction.
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0
cH; _ NaOH =
(bmlm) PFg
5

Scheme 2.
)J\ + CHCHO _—» Ph—C—OCH,CH; ——=— Ph—C—OCH,CHs
Ph” TH -~ +|| N .
.He
Scheme 3.
H H

{c) =\ O
—
/N\/\I\/\/ Base /N\/N\/\/ Uy /NQ(N\/\/
- -(H Base) PE; o0
PFg H
Scheme 4.

On the other hand, the formation of ethyl benzoate would hydrogen at the 2-position of imidazolium cations, that is
require the presence of sodium ethoxide. It has to be re-known to undergo deuterium exchange iseven at pH=
marked that before the Claisen—Schmidt condensation, the7 at room temperaturfd4]. On the other hand, the reaction
ionic liquid was submitted to outgassing to remove any re- of imidazolium withtert-butoxide is known to give imida-
maining neutral ethanol. Then, the ethoxy group of ethyl zolidene carbenes in quantitative yie[d4]. These carbenes
benzoate cannot come from ethanol but more likely from can be used as ligands for organometallic complexes such
sodium ethoxide. The actual hydride acceptor (in the sec- as the Grubbs catalygt5].
ond step ofScheme Z&n H™ is lost) would be [(bmim)P§] Even more, if when the carbene is generated, 1,4-cyclo-
or more likely the corresponding imidazolidene carbene de- hexadiene is added then a new signal appears at 8.3 ppm
rived from bmim by proton abstraction in agreement with (Fig. 2, spectrum c). This signal is different from the H-2

the NaOH consumption in [(bmim)RFE of the starting [(bmim)P§ and would indicate that hydride
To provide some experimental support to the mechanistic abstraction according t8cheme 4s taking place. The abil-
proposal shown irScheme 3comparison offH NMR of ity of 1,4 cyclohexadiene as hydride donor is very well doc-

[(bmim)PFs] in CDCl3 before an after addition of NaOHwas umented16].

madeFig. 2shows the corresponding NMR inwhere the dis-  The third base catalysed reaction studied in [(bming)PF
appearance of the signal at 8.8 ppm characteristic of the H-2was the Claisen—Schmidt condensatiotho-hydroxyaceto-
can be clearly observed. This indicates thatQsiremoving phenone {) with benzaldehydelj. In this case, the pri-
H-2, generating the corresponding carbedeheme % This mary o-hydroxychalcone & can undergo a subsequent
observation is compatible with the consumption of NaOH cyclisation to form the corresponding flavanon®) (
determined by acid/base titration and with the acidity of the (Scheme %k For this Claisen—Schmidt condensation of

OH

(0] OH O (0]
H CHj NaOH =
+ —_— »
(bmim) PFg NaOH

110°C

(0] Ph
©:nj/
9 O

Scheme 5.

8
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Table 3

Results of the Claisen—Schmidt condensatioro-tfydroxyacetophenone
r’ (0.1 mmol) with benzaldehyde (0.1 mmol) in [(bmim}3d?K0.5ml), con-

taining NaOH (8 mg) at 110C after 6 h reaction time

Run MB (%} Conversion (%) Selectivity (%§

8 9

1 10 95 79 16

2 37 66 77 23

3 >95 4 76 24

44 73 76 75 25

a8 MB is mass balance defined as millimoleXobr any product derived
therefrom divided by initial benzaldehyde millimole in percentage. The
MB of acetophenone was equal or higher than that of benzaldehyde.

b Conversion is millimole initial of benzaldehyde minus millimole of
benzaldehyde after 6 h of reaction time divided by the initial benzaldehyde
millimole in percentatge.

¢ The formation of ethyl benzoate amounts for the difference on se-

lectivity up to 100%.
[\ d After addition of an extra amount of NaOH (8 mg).

the mass balance. Noteworthy is the fact that the selec-
tivity of chalcone versus flavone remains unaltered in the
successive cycles. Concerning the origin of the poor mass
balancing one possibility would be that the sodium salt of
basic species are retained in the ionic liquid, making them
LL unextractable in organic solvents. To check this possibility
an experiment was carried out in where at the final time an
(B) aqueous HCI solution was added to the ionic liquid before
extracting with ethyl ether. Under these conditions with
prior neutralisation, the mass balance was somewhat higher
(17%, compare withTable 3 entry 1), thus indicating that
the low mass balance is due only in part to the presence
of basic species in the ionic liquid. In this regard, the
possibility that an interaction or a reversible chemical re-
f— action between the imidazolidene carbene and the carbonyl
reagents, as previously suggesféd], seems also reason-

D able to explain the low mass balances observed using ionic
liquids in basic conditions.

R A Aaa RAA In summary, it has been reported that the ionic lig-
() 8 ! uid [(bmim)PRs] can be as a suitable medium to perform
Fig. 2. Aromatic region of thé¢H NMR recorded for [(bmim)P§ in b,ase_catalyse,d reaptlon. The products can pe r,ecovered by
CDCls: (A) before addition NaOH; (B) after addition of an ethanolic ~SiMple extraction without the need of neutralisation and the
solution of NaOH followed exhaustive outgassing and (C) sample b after ionic liquid reused in successive runs. However, caution
addition of 1,4-cyclohexadiene. should be exercised since two general problems can be en-
countered. The first one is base depletion by reaction with
ortho-hydroxyacetophenone, formation of ethyl benzoate the relatively acidic H-2 of the imidazolium heterocycle.
was also observed. Ethyl benzoate should be formed by theThe second problem is the low mass balances at the initial
same mechanism depicted $theme 3However, for the runs, but eventually they go very high once the ionic lig-
reaction betweefl and7, the amount of ethyl benzoat6)( uid has been saturated. For some base-catalysed reactions
formed was very minor. Again the mass balances in the that require only catalytic amounts of weak bases such as
first run were very low and increased significantly in the Knoevenagel condensation the reaction may not require the
second run, although the conversion decreased remarkabhaddition of extra amounts of base during the recycle. But,
(Table 3. In fact, in the third run, the condensation takes in general, additional amounts of base need to be added in
place in a very minor extent in agreement with a consid- the successive runs since imidazolium ion reacts with bases.
erable depletion in base observed previously. Addition of One point that deserves further study is the exact nature of
an extra amount of base to the ionic liquid in the forth run the bases present in the ionic liquid. Imidazolidene carbene
largely increases the conversion, while keeping very high together with ethoxide (when using ethanol as solvent for
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the addition of base) seems to be involved from the data [4] J-M.J. Davis, K.J. Forrester, Tetrahedron Lett. 40 (1999) 1621.
obtained. Furthermore, imidazolidene carbene can act as [51 D-W. Morrison, D.C. Forbes, J.M.J. Davis, Tetrahedron Lett. 42

hydride acceptor. The problem of the base consumption by (6]

the ionic liquid and formation of imidazolidene formation

could be possibly avoided if an imidazolium substituted at

the 2-position is used for base catalysed reactions.
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