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lonic Liquids as Precatalysts in the Highly Stereoselective
Conjugate Addition of a,B-Unsaturated Aldehydes to Chalcones.**

Linda Ta,™ Anton Axelsson,™ Joachim Bijl, ! Matti Haukka,™ and Henrik Sundén*

Abstract: Imidazolium based ionic liquids (ILs) serve both as a
recyclable reaction media and a precatalyst for the NHC-catalyzed
conjugate addition of a,B-unsaturated aldehydes to chalcones. The

retained reactivity and selectivity. Moreover, the 1,6-ketoesters form
self-assembled organogels in aliphatic hydrocarbons. The reaction
protocol is robust, easily operated, scalable and highly functionalized

reaction produces a broad scope of 1,6-ketoesters incorporating an compounds can be obtained from inexpensive and readily
anti-diphenyl moiety in high yields and with high stereoselectivity. In accessible starting materials.
recycling experiments the IL can be reused up to five times with
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Scheme 1. NHC catalyzed three-component reactions involving chalcones, a,B-unsaturated aldehydes and alcohols.

With an increasing demand for sustainable chemical production green
chemistry has gained widespread attention in recent years."! Central
in green chemistry, and themes for this scientific report, are
challenges such as atom efficiency, the use of catalytic rather than
stoichiometric reagents and waste prevention. The latter, waste
prevention, have motivated the use of ionic liquids (ILs) as reaction
media in organic chemistry.”! ILs have unique solubility properties
such as high stability, non-flammability and low volatility and can
therefore easily be recovered and reused as reaction solvent. It is also
possible to use ILs as catalysts."” For instance, imidazolium-based ILs
can be converted into their corresponding 1,3-dialkylimidazole-2-
(NHC), by a
deprotonation.! NHCs derived from thiazolium, imidazolium and

ylidene, an N-heterocyclic carbene single
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triazolium salts have emerged as an established catalytic method for
making C-C bonds in the field of organocatalysis."”! Although being a
facile and inexpensive way of generating NHCs, the connection
between ILs and C-C bond forming NHC-catalysis is rather poorly
exploited.”” Nevertheless, it was recently shown that imidazolium-
based ILs could be used as precatalysts in NHC-catalyzed coupling
reactions such as the benzoin condensation.”! For example, Davis et
al. have used 1-N-alkyl-thiazoliums to catalyze the formation of
benzoin from benzaldehyde.’" More recently, Chen and co-workers
1-ethyl-3-methyl (EMIMAc) as a

condensation of 5-

used imidazolium acetate

precatalyst in a benzoin-type
hydroxymethylfurfural (HMF) to 5,5'-di(hydroxy-methyl)furoin
(DHMF).™ Furthermore, NHCs derived from ILs have also been used
in transesterifications and oxidative esterification of aldehydes.!'” In
NHC-catalysis, o,B-unsaturated aldehydes are known to form a
diverse set of catalytically generated homoenolate, enolate and acyl
anion equivalents as intermediates, each one capable of supporting
individual reaction paths. Thus, combinations of a,B-unsaturated
aldehydes, chalcone and different NHC-catalysts have to date
generated several different types of annulation reactions as envisioned
and presented by the groups of Bode,'" Chil'"¥ Nairl”®! and
Scheidt."” In combination with an alcohol these reactions tend to
form acyclic compounds (Scheme 1). In this respect, Nair and co-
workers obtained anti-1,6-ketoesters as a byproduct in their synthesis

[13*] Recently, Chen and coworkers

of functionalized cyclopentanes.
have reported the NHC-catalyzed formation of e-ketoesters with a
syn-oriented vicinal diphenyl using propargylic alcohols as a
nucleophile."”! However, the level of chemo- and stereoselectivity

observed in these reactions is rather low and may constitute a



purification problem leading to time-consuming chromatography.
Clearly a more selective method towards these types of highly
functionalized compounds would be most desirable. In this paper we
report a robust protocol for the highly stereoselective and high
yielding NHC-catalyzed conjugate addition of o,B-unsaturated
aldehydes to chalcones to form highly functionalized 1,6-ketoesters
incorporating an anti-oriented vicinal diphenyl. Furthermore, this
reaction constitutes an excellent example of green chemistry, since the
developed methodology is atom efficient, catalytic with respect to the
NHC-species and the ionic liquid/catalyst can be recovered and
reused several times as well as obtaining the pure 1,6-ketoesters
simply by filtration thereby eliminating time-consuming and solvent-
demanding chromatography. Moreover, the racemic 1,6-ketoesters
form organogels in aliphatic hydrocarbons which is in stark contrast

to the almost enantiopure product that does not gelate.

Table 1. Optimization of Reaction Conditions.
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unidentified background reaction is active under these conditions and

the chalcone is consumed within 1.5h.

Table 2. Scope of the Chalcones.

Entry Solvent IL Base Time (h) Yield (%)™
1 MeOH EMIMAc DBU 21 32
2 MeCN EMIMAc DBU 3 60
3 THF EMIMAc DBU 3 8
4 DCM EMIMAc DBU 5 72
5 DCM EMIMAc DBU 5 g2l
6 DCM EMIMAc DBU 3 92
7 DCM EMIMAc DBU 3 86'°
8 DCM EMIMAc DBU 16 olf
9 DCM EMIMC! DBU 3 72
10 DCM BMIMClI DBU 3 62
11 DCM EMIMAc t-BuOK 1.5 65
12 DCM EMIMAc Cs,CO; 1.5 72
13 DCM EMIMAc EtN 24 4
14 DCM EMIMAc DIPEA 48 5
15 DCM EMIMAc DBU 24 otel
16 DCM EMIMAc DBU 26 27t
17 DCM EMIMAc DBU 4 590

[a] Reactions performed at rt., 0.5 equiv. base, 2.5 equiv. IL, 3 equiv.
cinnamaldehyde, 10 equiv. methanol. [b] isolated yield. [c] 1 equiv. of
cinnamaldehyde. [d] 2 equiv. of cinnamaldehyde. e) gram-scale reaction,
1.1g of 1 isolated. [f] 0.25 equiv. EMIMACc. [g] 0 equiv. methanol. [h] 1
equiv. methanol. [i] 15 equiv. methanol

Our initial attempts in neat IL showed that the conjugate addition of
cinnamaldehyde to chalcone was highly stereoselective and gave the
anti-1,6-ketoester 1 (Scheme 1) in moderate conversion due to poor
solubility of 1 in IL, hence stopping the agitation of the reaction. This
prompted the investigation of different co-solvents, it was found that
solvents miscible with EMIMACc, such as methanol, acetonitrile and
dichloromethane gave the best results (Table 1, entry 1, 2 and 4).
Attempts to replace dichloromethane with a more sustainable solvent
failed for reasons of solubility of 1. The product is insoluble in all the
investigated solvents except for dichloromethane. In the absence of
dichloromethane, a precipitation forms during the reaction with a
detrimental effect on the reaction yield. Performing the reaction with
catalytic quantities (0.25 equiv.) of EMIMAC gives a sluggish mixture
and 1 can be isolated in 9% yield (Table 1, entry 8)."" The choice of
the base is also important. Strong bases such as; +-BuOK and Cs,CO;
are efficient in this reaction providing ketoester 1 in 65% and 72%

yield, respectively (Table 1, entries 11 and 12). However, an
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[a] Reactions performed at rt., 0.5 equiv. base, 2.5 equiv. IL, 3 equiv.
aldehyde, 10 equiv. methanol. [b] yields refer to isolated yields after
purification.

The best results were obtained using DBU, with full conversion in 3h
to give 1 in 92% yield and 20:1 dr. (Table 1, entry 6). Weaker organic
bases such as Et;N and DIPEA perform less well and only gave trace
amounts of product (Table 1, entries 13 and 14). Furthermore, the
concentration of methanol is also important; running the reaction with
10 equiv. methanol gives the optimal results, with equivalents either

above or below results in longer reaction times and lower yields



(Tablel, entry 1, 16 and 17). The IL EMIMAC is more reactive than
EMIMCI] and BMIMCI (Table 1, entry 9 and 10) by almost 20%
indicating that the acetate anion may be of significance for
reactivity.!'”! The counter ion effect in NHC-catalysis has previously

81 and theoretically."” Of note,

been reported both experimentally’
during the course of the optimization, the reaction showed to be
highly stereoselective and only one diastereoisomer was found in the
reaction mixtures. The stereochemistry was determined by X-ray
crystallography to conclude that the reaction gives the anti-oriented
vicinal diphenyl (Figure 1). It is important to note that we only detect

the acyclic anti-oriented vicinal diphenyl which is the same product

that is found as the minor isomer observed in the investigations by
1 L1361120]

Nair et a

Figure 1. Ortep drawing of the anti-oriented vicinal diphenylethylene 3.

To survey the scope of the EMIMAc-mediated conjugate addition of
o,B-unsaturated aldehydes a variety of chalcones were evaluated, the
results are summarized in Table 2.

In general, aromatic chalcones are well tolerated in the reaction and
the corresponding 1,6-ketoesters are formed in high yields and in one
diastereomeric form only. Electron donating groups on the chalcone
are well tolerated (entries 2—5). A halogen substituted chalcone (E)-3-
(4-bromophenyl)-1-phenylprop-2-en-1-one reacts with
cinnamaldehyde to give 6 in 75% yield within 3h of reaction time. A
heteroaromatic chalcones was also employed although the yield was
moderate (entry 7). Furthermore, the reaction worked well for
different aldehydes

diastereoselectivity and yield (table 3, entry 11-13).”% Tt should be

o,B-unsaturated retaining excellent
noted that the para-methoxy substituted 12 formed in 67% yield
requires much longer reaction time than any of the other 1,6-
ketoesters an effect previously been described in Cope
rearrangements'>*! (vide supra). With regard to the alcohol reaction
partner ethanol and benzyl alcohol react to give the corresponding
ethyl ester and benzyl ester in 53% and 68% yield and 20:1 dr,
respectively (entry 14 and 15). It is notable that the only nucleophiles
compatible with this reaction are primary alcohols as secondary and
tertiary alcohols did not react and are probably too sterically hindered
to take part in the assembling of the 1,6-ketoesters.

As the IL serves as the source of catalyst it of interest to see whether

regeneration of the IL would affect the catalytic performance. Initially

WILEY-VCH

we subjected the reaction mixture to a water/dichloromethane

extraction.

Table 3. Scope of the a,B-unsaturated Aldehyde and Alcohol. !

Cl

11 84% yield! 12 67% yield
20:1 dr 20:1 dr
3h Ph O 4 days Ph O
@] ~ 0O

Ph R

13 54% yield 14 R'=Et, 53% yield 15 R' =Bn, 68% yield
20:1 dr 20:1 dr 20:1 dr
24h 5h 17h

[a] Reactions performed at rt., 0.5 equiv. base, 2.5 equiv. IL, 3 equiv.
aldehyde, 10 equiv. methanol. [b] yields refer to isolated yields after
purification.

However, this treatment led to decreased reactivity in subsequent
runs.” More fruitful was a protocol where the volatiles were
removed in vacuo and the resulting solid was washed with methanol
to directly render the pure product as a solid material. The IL could
then be reused after evaporation of the methanolic solution. This
procedure was repeated up to five times with no decrease in reaction
yield (Table 4).**) Moreover, the reaction is suitable for scaling
purposes and 1 can be isolated in 1.1 g, 86% yield (Table 1, entry 7).
Notably, the product is isolated by simple filtration and washing of
the solid to render a pure compound without any time-consuming,

solvent-demanding chromatography needed.

Table 4. Recycling of EMIMACc.

Times ! 2 3 4 3
recycled
Yield® 85 82 83 89 81

To each new run the recovered IL were added: lequiv. of chalcone, 3
equiv. cinnamaldehyde, 0.5 equiv. DBU, 10 equiv. methanol. [a] isolated
yield.

On the basis of the anti-configuration obtained in X-ray analysis of

diphenyl 3 the following catalytic cycle is proposed: The catalytic



cycle starts with addition of the NHC to the a,B-unsaturated aldehyde
to form the Breslow intermediate (I). The Breslow intermediate reacts
reversibly in a cross-benzoin reaction with the chalcone to form diene
(II). II undergoes an oxy-Cope rearrangement via a boat transition
state (TS) setting the anti-oriented stereogenic centers (TIT).*
Tautomerization leads to acyl azolium IV. IV reacts with methanol to
deliver the product regenerating the NHC-catalyst.

[/\  pase [/
N_ _N-g  r-N_N-R
RANNR T RMZTER

Ph I

Scheme 2. Catalytic cycle of the NHC-catalyzed addition of chalcon to
cinnamaldehyde (R= Me, Et).

During the course of this investigation we discovered that the racemic
1,6-ketoesters form organogels in aliphatic hydrocarbons such as
heptane and hexane (Figure 2).”” The gel formation is reversible and
the gels can be redissolved in dichloromethane to provide the solvated
1,6-ketoesters. Further, the gelation is concentration dependent and
compound 1 needs at least 2 mg/ml of heptane for the gelation to
occur. At higher concentrations the gelation is fast and occurs within
one minute after mixing. Moreover, in order to investigate the
gelation event further, an almost enantiopure sample of 1> (97% ee)
was prepared (Scheme 3) and subjected to the same gelation
conditions as for the racemic 1 and no gelation could be observed
(See ST).¥

- Ph O
Ph/\AO 7\ a NI':I\“N O :
+ 0 Q‘ 1) psu ~ WLPh

MeOH O ;- Ph 26% yield

97% ee

Ph/\)]\ Ph

Scheme 3. Enantioselective syntesis of compound 17,

This has led us to propose that a pair of enantiomers in contrast to a
single enantiomer results in favourable n-n interactions and van der
Waals interactions leading to the self-assembly of the supramolecular

network of the organogel.
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Sl (C]

Figure 2. [a] Concentration dependence of 1 in the gelation. At concentrations
above 4 mg/mL the gelation occurs within one minute after mixing. [b]
Organogel removed from the formwork with retained shape. [c] The organogel
is relatively tolerant towards pressure and can support the weight of a small
beaker. At this pressure some heptane is pressed out of the gel but when the
beaker is removed the gel regains its original shape.

To conclude we have achieved a highly stercoselective NHC-
catalyzed addition of a,B-unsaturated aldehydes to chalcones using
commercial and inexpensive ionic liquids as precatalysts. The
reaction is generally high yielding, has a broad substrate scope and
excellent diastereoselectivities are obtained in all cases. Furthermore,
the exclusive formation of the acyclic anti-stereoselectivity is
independent of the substitution pattern of the reactantsl, which
distinguishes this work from the previous reports.!"** ') Moreover, the
1,6-ketoesters obtained, incorporating an anti-oriented vicinal
diphenyl moiety, are rare in the sense that it is difficult to prepare
these compounds using other approaches. In the lab, rheology
experiments and a thorough investigation to establish a structure-
gelation-relationship is under investigation. Moreover, work focusing
on a number of catalytic transformations involving NHCs generated
from ILs as well as a complete mechanistic investigation of the role of

NHC/IL in stereoselective formation of 1,6-ketoesters is on-going.

Keywords: green chemistry  ionic liquid « NHC « 1,6-ketoesters
» organogels
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Breaking conventional standards: An excess of a recyclable ionic liquid NHC-
precatalyst and focusing on racemic mixtures rather than enantioenriched, enabled
us to reach new reactivity and selectivity in the reaction between chalcone and a,-
unsaturated aldehyde. The obtained racemic 1,6-ketoester contains an anti vicinal
diphenyl moiety and has intriguing gelation properties, unlike the enantioenriched
product that does not gel. The reaction is robust, simple and scalable, important for
future application.
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