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The role of hydrogen bonding in controlling the selectivity of Diels-Alder reactions in room-temperature ionic liquids.
Ajay Aggarwal, N. Llewellyn Lancaster, Alick R. Sethi and Tom Welton

Hydrogen bonding between the cation of the ionic liquid and the dienophile controls the selectivity of Diels-Alder reactions in room-temperature ionic liquids.
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Abstract

The reaction of cyclopentadiene with methyl acrylate has been investigated in a range of ionic liquids.  The origin of the endo-selectivity for the reactions and associated rate enhancements has been attributed to a hydrogen bond formed between the cation of the ionic liquid and the methyl acrylate.

Introduction

Room-temperature ionic liquids are liquids that are constituted entirely of ions and provide a solvent environment that is quite unlike any other available at room temperature. They have recently excited much interest in both synthetic and catalytic chemistry.
 However, little is known about how the use of an ionic liquid solvent can affect the reactions of solute species. With their unique character, the ionic liquids may induce solvent effects on a wide range of processes. Hence, the investigation of the effect of the solute microenvironment on reactivity in these solvents forms a central theme in our research. In this paper, we report how a specific solvent-solute interaction in room-temperature ionic liquids can lead to changes in both the rate and product selectivity of the Diels-Alder reaction.


The Diels-Alder reaction remains one of the most useful carbon-carbon bond-forming reactions in organic chemistry. It is an addition reaction and so potentially highly “atom efficient”, but the reaction is often not selective, giving a mixture of isomers. Therefore, there is an interest in finding methodologies by which Diels-Alder reactions may be performed to give one product. Further, as an addition process with a negative entropy of reaction, attempts to accelerate Diels-Alder reactions by heating meet the obstacle of reducing the equilibrium constant for the reaction. Hence there is also an interest in methodologies that increase the rates of these reactions. 


Many Diels-Alder reactions show strong solvent dependence and they are useful to study quantitative effects of the reaction environment on the reaction outcome. It has been proposed that improved reaction rates and selectivity arise from a number of factors, such as the polarity of the solvent,
 or its solvophobicity.
 The addition of a Lewis acid is also known to have a dramatic effect on these reactions.
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Scheme 1.  The reaction of methyl acrylate with cyclopentadiene to give a mixture of endo- and exo-bicyclo-[2.2.1]-hept-5-ene-2-carboxylic acid methyl ester

The first study of the Diels-Alder reaction in an ionic liquid was performed by Jaeger, using ethylammonium nitrate.
 More recently a number of Diels-Alder reactions in imidazolium ionic liquids have been reported.
,
,
,
  Lee has also used the Lewis acidity of chloroaluminate ionic liquids to greatly accelerate Diels-Alder reactions.
 Ionic liquids that contain ZnCl2 and SnCl2 have been used similarly.
 Here we are using the reaction of cyclopentadiene with methyl acrylate, which leads to a mixture of exo and endo products, as a probe of the solvent behaviour. 

Results and Discussion

In this work we report a study of the reaction of cyclopentadiene (1) with methyl acrylate (2) (Scheme 1).
 The reaction was performed in a range of ionic liquids, described in Figure 1. Most of these ionic liquids are based on 1-butyl-3-methylimidazolium cations {[bmim]+}, although one example where the 2-position on the ring was methylated was used {[bm2im]+}. 
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Figure 1: The ionic liquids used in this study

Kinetic study.

In a preliminary kinetic study, the reaction in the ionic liquids [bmim][BF4], [bmim][OTf] and [bmim][N(Tf)2] has been investigated. An excess of cyclopentadiene was used, allowing the yield of products to be plotted as a function of time using a pseudo-first order kinetic model. This is an example of an “A to B” reaction. The formation of the products was modelled by the expression below (equation 1), using the SCIENTIST
 package, where B is the sum of isomers formed and Binf is the estimated final amount of products formed.




B = Binf ( (1-exp-kt)





eqn. 1

The values of the pseudo-first order rate constants, kobs, thus determined are shown (Table 1). The value of kobs for the reaction in ethylammonium nitrate5 is included. Simple comparison with the results reported here is not possible because of the different conditions used for the studies. However, it can be seen that the values are of the same order of magnitude. 

Table 1: Rates and selectivities of reaction of cyclopentadiene with methyl acrylate in different ionic liquids

	Solvent
	105 kobs/ s-1
	endo/exo
	ETN
	Viscosity


	[bmim][BF4]
	13.0
	4.6
	0.670
	233 (303 K)

	[bmim][OTf]
	12.4
	4.5
	0.656
	90 (293 K)

	[bmim][N(Tf)2]
	11.0
	4.3
	0.644
	52 (293 K)

	[EtNH3][NO3]5
	3.4
	6.7
	0.954
 
	


The fastest rate of reaction was observed in the most viscous ionic liquid, and the rate of reaction fell as the viscosity of the ionic liquid was reduced. Therefore, the rate of reaction is not limited by the migration of the reagents through the ionic liquid. It can be seen that the increase in the rate of the reaction is concurrent with an increased endo-selectivity. Hence in this study, we report the effects of the ionic liquids on the endo-selectivity of the reaction as a preliminary, crude guide to the velocity of the reaction. We are continuing this investigation and will report the results of a full kinetic investigation including measurements of Arrhenius activation energies in the future.

Endo/exo selectivity

The first study of selectivity of the Diels-Alder reaction was made in two tetrafluoroborate ionic liquids, the results of which are shown (Table 2). There was little change in the yield of the reaction using these ionic liquids. There was, however, a definite effect on the selectivity of the reaction when changing the ionic liquid from [bmim][BF4] (endo/exo = 4.6) to [bm2im][BF4] (endo/exo = 3.3). The principal difference between [bmim]+ and [bm2im]+ is that the ability of the latter to hydrogen bond through the proton on the C2 position of the imidazolium ring has been blocked, although weaker hydrogen bonds can still be formed with the protons at the C4 and C5 positions.
  The selectivity of the reaction is even greater in [HO(CH2)2mim][N(Tf)2] (endo/exo = 6.7),9 which is an O-H hydrogen bond donor, and [EtNH3][NO3] (endo/exo = 6.7),5 which is an N-H hydrogen bond donor. These results show that the ability of the cation to act as a hydrogen bond donor is important in determining the role that the ionic liquid has in controlling the endo selectivity of the reaction. This effect has been noted in molecular solvents.

It is well known that Lewis acid catalysts can have a dramatic effect on both the rates and selectivities of Diels-Alder reactions.4 This occurs by the Lewis acid coordinating to the carbonyl oxygen of the methyl acrylate. The formation of a hydrogen bond from the cation of the ionic liquid to the dienophile (Figure 2) is a Lewis acid/base interaction.
 In work where the Diels-Alder reaction was studied in dichloromethane, imidazolium salts were added and proposed to act as Lewis acid catalysts. 
  
[image: image4.wmf]O

N

N

R

R

H

H

H

H

3

CO

d

-

d+

+


Figure 2. The hydrogen bond (Lewis acid) interaction of an imidazolium cation with

the carbonyl oxygen of methyl acrylate in the activated complex of the Diels-Alder reaction.

Having varied the cation while keeping the anion constant, a series of [bmim]+ ionic liquids were used to study the effect of changing the anion on the Diels-Alder reaction (Table 2). The yields were generally high and changed little, with the exception of [bmim][ClO4]. The lower yield in this ionic liquid was probably the result of a poor extraction of the products from the ionic liquid. The selectivity of the reaction for the endo isomer is clearly affected by the anion used. The lowest selectivity was observed in [bmim][CF3CO2] (endo/exo = 4.0) whilst the highest was observed in [bmim][PF6] (endo/exo = 4.8). Since the ionic liquids all contained the same cation ([bmim]+), this change in selectivity cannot be attributed to a change in the hydrogen bond donor ability of the cation. So why is any effect seen? 

Table 2: The reaction of cyclopentadiene with methyl acrylate in a variety of ionic liquids and some molecular solvents.
	Ionic Liquid
	H(H2)/ppm
	ETN
	Yield / %
	endo / exo

	[bmim][BF4]
	8.83
	0.670
	85
	4.6

	[bm2im][BF4]
	N/A
	0.576
	84
	3.3

	[bmim][ClO4]
	8.89
	0.680
	74
	4.8

	[bmim][PF6]
	8.68
	0.669
	93
	4.8

	[bmim][OTf]
	9.00
	0.656
	87
	4.5/

	[bmim][N(Tf)2]
	8.70
	0.645
	90
	4.3

	[bmim][CF3CO2]
	9.80
	0.620
	89
	4.0

	[bmim][BF4] + [bmim]Cl (2M)
	
	N/A
	49
	3.7

	[HO(CH2)2mim][N(Tf)2]9
	-
	0.929
	
	6.1

	[CH3O(CH2)2mim][N(Tf)2]9
	-
	0.722
	
	5.7

	[EtNH3][NO3] 
	N/A
	0.95415
	
	6.75

	Methanol
	N/A
	0.76220
	
	6.72

	Ethanol
	N/A
	0.65420
	
	5.22

	Acetone
	N/A
	0.35520
	
	4.22

	Diethyl ether
	N/A
	0.11720
	
	2.92


Work in imidazolium ionic liquids [cyclopentadiene]0 = 1.27 M, [methylacrylate]0 = 1.11 M, 72 hours at 25 C.

Preliminary studies into the solvent properties of these ionic liquids according to Reichardt’s dye
 measurements (ETN value, Table 2) have been made.
,
 It can be seen that there is a clear relationship between the ETN value of the ionic liquid and the endo/exo ratio observed when the Diels-Alder reaction is performed within it (Table 2). This relationship was also noted in a recent paper showing the effect of changing the cation of the ionic liquid on its polarity, as determined by its ETN value, and the endo/exo ratio of the reaction of cyclopentadiene and methyl acrylate.9 It is known that when a solvent is capable of acting as a hydrogen bond donor, this property dominates its ETN value,
 giving a measurement of the liquid’s ability to hydrogen bond to a solute.

We have demonstrated elsewhere that the ability of the ionic liquid to hydrogen bond to a probe solute arises from the hydrogen bond donor ability of the cation, moderated by the hydrogen bond acceptor ability of the anion.22 It is interesting to note that [CH3O(CH2)2mim][N(Tf)2] contains a basic site on its side chain that can act as a potential hydrogen bond acceptor, yet by both the endo/exo selectivity and the ETN measurements it is a strongly hydrogen bond donating solvent. This shows that the electron-withdrawing effect of the substituent far outweighs its own basicity.

The endo/exo ratio and associated acceleration of the Diels-Alder addition of cyclopentadiene and methyl acrylate in ionic liquids is controlled by the ability of the liquid to hydrogen-bond to the methyl acrylate as determined by two competing equilibria. The cation can hydrogen bond to the anion (A) of the ionic liquid (eqn 2)
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eqn. 2

or to the methyl acrylate (MA, eqn 3).

[image: image6.wmf][bmim]

+

  +  MA

[bmim]

+

...MA

K

2


eqn. 3

It can be clearly seen that the concentration of the hydrogen bonded cation-methylacrylate adduct is inversely proportional to the equilibrium constant for the formation of the cation-anion hydrogen bonded adduct (K1).

In order to test our theory we added [bmim]Cl to [bmim][BF4] and repeated the reaction. The chloride anion is a better hydrogen bond acceptor than tetrafluoroborate. Therefore one would anticipate that addition of [bmim]Cl to [bmim][BF4] would lead to formation of an ionic liquid that was less able to coordinate to the methyl acrylate, thus reducing the endo/exo ratio (equations 2 and 3). The salt [bmim]Cl was chosen so that only one cation would be present in the system. Addition of [bmim]Cl caused a reduction in the yield to 49 %, with the remaining being unreacted starting material, suggesting a reduction in the rate of the reaction.  This was matched by a reduction in the endo selectivity (endo/exo ratio = 3.7), showing that the addition of a more basic anion to the [bmim][BF4] does indeed lead to a reduction in the selectivity of the reaction.


It is possible that other effects may also influence the rates and selectivities of Diels-Alder reactions in ionic liquids. The ETN scale, while dominated by hydrogen bonding effects, also reports the influence of general dipolarity. Solvophobicity may also be important. Unfortunately, no measurements of solvatophobicity (e.g. Abraham’s solvophobicity parameter Sp) have been made in ionic liquids.  However, Table 2 also reports the 1H NMR chemical shift of the proton at the 2-position of the imidazolium ring of the neat [bmim]+ salts {H(H2)}.  This reports the strength of the cation-anion hydrogen bond.16,
 It would be expected that, if the sovophobicity of the ionic liquids is driven by hydrogen bonding and increasing solvophobicity was driving the change in the endo-selectivity of the reaction, the selectivity should increase with increasing H(H2).  In fact, the reverse is seen.  It is not possible to say more than this until a more sophisticated analysis, based on a wider range of solvent parameters, is possible.

Conclusions

In the reaction of cyclopentadiene with methyl acrylate, room-temperature ionic liquids can give substantial increases in endo-selectivity and associated rate enhancements, when compared to non-polar solvents. They offer the potential to be useful solvents for Diels-Alder cycloadditions, and related reactions, particularly for moisture and oxygen sensitive reagents, or those that are sensitive to strong Lewis acids. The greatest selectivities will be observed in ionic liquids with the strongest hydrogen-bond donor cation coupled with the weakest hydrogen-bond accepting anion. 
We can predict that this behaviour will be general and, in similar reactions where a reactive centre is activated by a neighbouring electron-withdrawing carbonyl group (e.g., Michael additions), ionic liquids that are hydrogen bond donors will further enhance reactivity. We are continuing to investigate this proposition.

Experimental

1H NMR spectra were recorded on a JEOL JNM-EX270 Fourier-transform spectrometer on neat samples of the ionic liquids, to avoid the complications of interactions with an additional solvent. Deuterium locks where achieved using an internal capillary containing d6 DMSO. GC measurements were performed using an Agilent 4890D GC spectrometer. The column fitted was a Hewlett Packard HP-5 (Crosslinked 5 % PH ME Siloxane) column, of length 15 m, diameter 0.53 mm, and with a 1.5 (m film thickness. The conditions used for all runs were as follows: flow rate: 100 mL/min of argon; inlet temperature: 200 ˚C; detector temperature: 250 ˚C; Total run time: 14 min; oven conditions: maintained at 50 ˚C for 6 mins, then ramped at +15 ˚C /min for 4 mins, then maintained at 110 ˚C for 1 min.

All manipulations were carried out using standard vacuum and Schlenk techniques under an atmosphere of dry nitrogen, or in a drybox under an atmosphere of dry nitrogen. Methyl acrylate was dried by distillation from CaCl2. Dicyclopentadiene was cracked by distillation from Mg(ClO4)2 through a column packed with glass beads. 

The synthesis and characterisation of the ionic liquids used in this work has been published elsewhere.
 The ionic liquids were thoroughly dried by heating to 60 ˚C for 72 hours immediately prior to use. Chloride content of the ionic liquids was determined by a AgNO3 test. 
Diels-Alder Reactions

In a typical procedure to measure the exo/endo ratio, methyl acrylate (3.0 cm3; 0.03 mol) and freshly cracked cyclopentadiene (3.0 cm3; 0.04 mol) were added to 10 cm3 [emim][BF4] and giving a single solution, which was stirred for 72 hours at 25 °C. The product mixture was extracted from the ionic liquid with diethyl ether (3 x 20 cm3). The diethyl ether was removed by rotary evaporation, and the product ratio determined by gas chromatography. GC analysis: Exo-product appears at 12.7 mins; Endo-product appears at 13.0 mins.

For kinetic experiments, into a round bottom flask under a nitrogen atmosphere was added ionic liquid (10 cm3), chlorobenzene (internal GC standard) and cyclopentadiene (4 cm3, 50 mmol). This biphasic mixture was maintained at 25 ˚C with stirring. The reaction was started by adding methyl acrylate (0.8 cm3, 9 mmol) at known time. The system remianed biphasic. Periodically the upper (organic) phase was sampled by withdrawal of 2 (L by syringe into ether (1 cm3) and analysed by GC.
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