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Diels—Alder reaction in protic ionic liquids
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Abstract—Protic imidazolium ionic liquids have been tested as reaction media in the Diels—Alder reaction between cyclopentadiene
and two dienophiles (dimethyl maleate and methyl acrylate). Good conversions and endo/exo selectivities were achieved. The acti-
vation of the dienophile by hydrogen bonding with protic imidazolium ILs was demonstrated.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The Diels—Alder reaction! is a powerful tool in organic
synthesis and in the chemical industry. The use of two
conjugated double bonds to form six-membered carbo-
cycles in one concerted step is often used in the synthesis
of natural products and bioactive molecules.? For many
years, Diels—Alder reactions have attracted the interest
of both experimental and theoretical chemists.?® It is
well established that the efficiency and selectivity of
these reactions are influenced by the acidity of the
medium. Therefore, the reaction has been investigated
using water,” surfactants,® lithium amides® and low-
melting temperature mixtures of bulk natural prod-
ucts.'® The reaction is often non-selective, yielding a
mixture of endo- and exo-stereoisomers.

Ionic liquids (ILs) have been used as solvents and as acid
catalysts for Diels—Alder reactions. The first investiga-
tion on the reaction between cyclopentadiene and an
alkyl acrylate in an IL was performed using ethylammo-
nium nitrate and yielded a mixture of endo and exo
products in the ratio 6.7:1.!' More recently, a number
of Diels—Alder cycloadditions were reported in aprotic,
imidazolium ILs,'>1? as well as a carbohydrate IL based
on fructose.?’ Chloroaluminate ILs (with Al,Cl; and
AL;Cly, anions) were also used as both solvents and
Lewis catalysts.?!>? ILs have been employed to further
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increase the yield of endo products in the Diels—Alder
reaction. In investigations on the effect of the cation
structure of the imidazolium IL on the reaction of
methyl acrylate and cyclopentadiene, it was demon-
strated that the observed enhancements in yield and
selectivity were due to an explicit hydrogen bond
between the cation and the carbonyl group of the
acrylate.!®

Here we report the application of protic imidazolium
ILs as both a solvent and a Brensted catalyst for the
Diels—Alder reaction. The reactions of cyclopentadiene
with dienophiles (methyl acrylate and dimethyl maleate)
were studied in protic room temperature ionic liquids
(RTILSs). The protic RTILs included 1-alkylimidazolium
and 1-alkoxymethylimidazolium DL-lactates, L-lactates,
salicylates, tetrafluoroborate and bis(trifluoromethyl-
sulfonyl)imide [Tf,N] (Table 1).

Diels—Alder cycloaddition (Scheme 1) proceeded readily
at 25 °C. The products, as mixtures of endo- and exo-
bicyclo[2.2.1]hept-5-en-2-carboxylic acid methyl esters
or endo- and exo-bicyclo[2.2.1]-hept-5-en-2,3-dicarb-
oxylic acid dimethyl esters, were analyzed by GC. The
estimated yields and ratios of endolexo products are
shown in Table 1.

The yield and selectivity of reactions in salicylates and
lactates of 1-alkyl- and I-alkoxymethylimidazolium
were dependent upon the type of dienophile. For methyl
acrylate, the yield of >90% was reached after 24 h and
the resulting selectivity, expressed by the endo/exo ratio,
ranged from 3.6 to 3.8. In contrast, for dimethyl male-
ate, a similar yield was not reached even after 48 h, with
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Table 1. Room temperature ionic liquids used in the Diels—Alder reaction

;»8
LY .
it

RTIL R! R? Anion (A7) Methyl acrylate® Dimethyl maleate®
Yield® (%) Ratio endolexo Yield® (%) Ratio endolexo
1a CH; H DpL-Lactate 95 3.9 97 3.7
1b C4Hy H pL-Lactate 90 3.8 96 3.5
1c CegH;3 H pL-Lactate 91 3.8 96 34
1d1 CioHoy H pL-Lactate 90 3.7 97 33
1d2 C]0H21 H L-Lactate 90 3.7 95 3.2
2al CH,OC4Hyg H pL-Lactate 90 3.7 92 3.3
2a2 CH,OC4Hy H L-Lactate 90 3.7 92 34
2b CH,OC¢H 3 H pL-Lactate 94 3.8 94 34
2cl CH20C]0H2| H pL-Lactate 91 3.6 96 3.5
2¢2 CH,0CoH;,; H L-Lactate 91 3.7 95 33
3a CH,OC4Hy H Salicylate 94 3.7 95 33
3b CH,OCgH ;3 H Salicylate 93 3.7 93 33
3c CH,OCyH, 9 H Salicylate 94 3.7 94 3.2
4 CH; H BF, 96 3.7 94° 3.9
5 CH, H NTf, 95 6.0 95° 5.2
 Diels-Alder reaction, cyclopentadiene/dienophile = 1.5 in 0.25 mL IL, temperature 25 °C.
b24h.
€48 h.

R R? endo exo
R' = H or COOCH;; R? = COOCH,4

Scheme 1. The reactions of cyclopentadiene with dienophiles.

the selectivity ranging from 3.2 to 3.7. The highest endo/
exo ratio was obtained for ILs with an N-methyl group.
Elongation of the alkyl substituent on the cation by the
addition of methylene groups resulted in no significant
alterations in the course of the reaction even though
the viscosity of the ILs markedly increased. The type
of anion employed was found to be significant. Impor-
tant changes in the reaction course were observed for
[Tf,N], with a twofold higher selectivity recorded
(endolexo ratio = 5.2).

An increase in the temperature from 25 to 45 °C for
methyl acrylate resulted in an increase in the yield of
the reaction from 42 to as much as 78% after 2 h and
from 61% to 85% after 4 h, with the selectivity pre-
served. An analogous relationship was obtained for
the reaction with dimethyl maleate; in this case, the
increase in the temperature from 25 to 45 °C augmented
the yield of the process from 36% to 65% after 2 h and
from 51% to 81% after 4 h reaction time (Fig. 1), paral-
leled by a decrease in selectivity from 3.3 to 2.9. In protic

ILs, as in organic solvents, an increase in the tempera-
ture and extended duration of the reaction were accom-
panied by a decrease in selectivity towards the endo
isomer and by an increase in the yield of the reaction.
The reaction of cyclopentadiene with elevated concen-
trations of methyl acrylate and dimethyl maleate
resulted in a higher efficiency of the process and in
decreased selectivity. Moreover, protic ILs can be recy-
cled and no alterations in the yield and selectivity of the
process were observed after 10 reaction cycles.

The reaction of 1,3-cyclopentadiene with dimethyl male-
ate was used as a computational model to explore the
effect of protic IL catalysis. Simple PM3 semi-empirical
analysis suggested that a hydrogen bond-catalyzed pro-
cess, passing through a maleate imidazolium complex,
was more feasible than a non-catalyzed reaction. In fact,
we found that the chemical shift of the H-N3 proton of
4 was much more shielded in an equimolar complex with
maleate (1.60 ppm upfield) than was the H-C2 proton
(0.02 ppm). Thus, imidazolium H-N3 hydrogen bonded
complexes of maleate to the diene in exo and endo
modes. Although both theory and experiment suggested
that a stepwise diradical mechanism was a few kilocalo-
ries per mole higher in energy terms than the concerted
pathway,?32% we arbitrarily assumed the latter conven-
tional view for the catalyzed Diels—Alder reaction and
also in the protic IL environment.

Predictably, the energetics for the endo and exo reaction
products were noticeably different. Stereospecific imid-
azolium-catalyzed cycloadditions were predicted to be
exothermic by 19.1 and 15.5 kcal/mol for the exo and
endo isomers, respectively (exo isomer is thermodynami-
cally preferred for steric reasons).
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Figure 1. The conversion percentages as a function of time and temperature for 3a (cyclopentadiene/dimethyl maleate ratio = 1.5).

Figure 2 shows both uncatalyzed and imidazolium The catalyzed TS endo complex manifested a structure
catalyzed endo and exo transition state (TS) structures. that was 2.2 kcal/mol more stable than that for the
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Figure 2. Model transition states used in calculations for the purpose of computational efficiency 1 and 2 for exo isomers and 3, 4 for endo isomers.
The bond lengths and bond orders (values in parentheses) are presented.
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uncatalyzed endo reaction. The energy difference
between the exo and endo TSs was only —0.4 kcal/mol,
and poorly reflected the preferential formation of the
endo isomer, in accordance with experiment.

The sum of the Mulliken atomic charges in the TSs of
the atoms of cyclopentadiene and the maleate fragment
showed that the electrons were shifted from the diene to
the dienophile (0.148 and 0.156 for exo and endo, respec-
tively, but 0.201 and 0.200 for the protic IL catalyzed
reaction). Selected bond orders (BOs) were used to ap-
praise the extent of reaction at the TS. We observed that
the BOs for the formation of bonds and for the diene
and dienophile fragments of the TS spanned a reliable
range (Fig. 2). The distances and BO trends suggested
that the catalyst augmented dienophile acceptor proper-
ties only slightly. For non-catalyzed and catalyzed TSs,
the distance sums of C3—-C6 and C5-C7 bond formation
were essentially the same but the sum of the BOs was
greater for the non-catalyzed TS for both endo and
exo structures. This was ascribed to the more product-
like character of the TS in the non-catalyzed reaction.
Examination of the geometries of the TSs and their
BOs evidently indicated a concerted reaction, although
involving an asynchronous mechanism. The imidazo-
lium-catalyzed process was much more synchronous:
the BO differences for the formation of carbon-carbon
bonds were 0.001 and 0.008 for exo and endo, respec-
tively, while the differences amounted to 0.036 and
0.049 for the non-catalyzed process. Moreover, the sum
of the active orders for the non-catalyzed reaction was
close to 6.45 but was only 6.41 for the imidazolium-
catalyzed reaction and it did not depend on the exo/endo
stereoselectivity.

In conclusion, we have reported on the use of protic,
imidazolium-based ILs as reaction media and as
Bronsted catalysts for Diels—Alder reactions. In com-
parison to conventional organic solvents, fast conver-
sion with good endolexo selectivities was observed. On
the grounds of the semi-empirical computational model,
we have found that hydrogen bonding of protic imid-
azolium ILs to the dienophile provides a rationale for
the catalysis observed.

2. Experimental and computational methods

Preparation of 1-alkyl- and 1-alkoxymethylimidazolium
salts followed the published method.?” The densities of
the obtained RTILs ranged from 1.1231 to 0.9861 g/
mL for lactates 1-2 and from 1.1396 to 1.0578 g/mL
for salicylates 3, and they were thermally stable up to
185-244 °C.?® Gas phase PM3 semi-empirical calcula-
tions employing HyperChem (Hypercube) software were
used to model structures of reagents, transition states
(TS) and products. The bond order (BO) calculations
were performed with MOPAC2002 software (Fujitsu
Ltd).

1-Methylimidazolium tetrafluoroborate 4: 1-Methylimid-
azole (8.21 g, 100 mmol) was placed in a round-
bottomed flask equipped with a stirring bar and

tetrafluoroboric acid (8.78 g, 100 mmol, 48% solution
in water) was added in portions with stirring. The
mixture was stirred at room temperature for 3 h and
then concentrated on a rotary evaporator. The product
was washed with ethyl acetate (2 x20 mL) and dried
under a vacuum (2-3 Torr) for 8 h at 70 °C (90% yield).
'"H NMR (CDsCN) 3.79 (s, 3H), 7.27 (s, 2H), 8.18
(s, 1H), 12.24 (s, N*=H). >°C NMR (CD;CN) 354,
122.9, 123.7 and 137.2. Elemental analysis: calcd for
C4H7BF4N2; C 2828, H 415, N 16.49. Found: C
28.56, H 4.48, N 15.25.

1-Methylimidazolium bis(trifluoromethylsulfonyl)imide
5: 1-Methylimidazolium chloride (3.56 g, 30 mmol) was
dissolved in 30mL of distilled water and LiNTf,
(8.61 g, 30 mmol) was added. The reaction mixture
was stirred at room temperature for 10 min. After sepa-
ration of the phases, the organic phase was washed with
2x20mL distilled water until chloride ions were no
longer detected (AgNO3). The liquid obtained was dried
at 70 °C in a vacuum (98% yield). "H NMR (DMSO-d)
3.89 (s, 3H), 7.66 (s, 2H), 9.03 (s, 1H), 12.17 (s, wide,
N™-H). *C NMR (DMSO-d;) 35.4, 119.7, 123.0,
135.8 and anion 125.9 (q, —CF5, J = 321 Hz). Elemental
analysis: caled for CgH,FgN3O4S,; C 19.84, H 1.94, N
11.57. Found: C 20.06, H 2.28, N 11.29.

1-Methylimidazolium chloride (mp = 75°C) was pre-
pared by saturating a chloroform solution of 1-methyl-
imidazole at 15 °C with HCL

Typical procedure for the Diels—Alder reaction in protic
IL: 0.25 mL of IL, cyclohexanone (10 pL) as an internal
chromatographic standard, dimethyl maleate or methyl
acrylate (1 mmol) and freshly cracked cold cyclopenta-
diene (1.5 mmol) were added into a 4 mL vial containing
a small stirring bar. The reaction was conducted at
25 °C. The progress of the reaction was monitored by
GC analysis over 48 h. The yield of products and
endolexo ratios were calculated based on the GC
analysis.
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