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ABSTRACT. The effect of a range of O-alkyl ester hydrochloride surfactants derived from L-phenylalanine and
L-tyrosine as catalysts on the Diels-Alder reaction between cyclopentadiene and methyl acrylate was studied. Both
chain lengths (Cs-Ci4) and head groups of the surfactants were found to influence the yield and selectivity of the
Diels-Alder product. The C derivatives of both phenylalanine and tyrosine surfactants gave the highest yields
and selectivity. Phenylalanine ester hydrochlorides showed better catalytic activity than the tyrosine derivatives.
Adduct optimum yield was obtained at a concentration relating to their critical micelle concentration (CMC)
values. The Diels-Alder reaction was also found to be favored in acidic condition (pH 3) as well as in the presence
of lithium chloride (LiCl) as salting out agent.
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INTRODUCTION

The Diels-Alder reaction is one of the most important carbon-carbon bond forming reactions
and has been involved in key steps in the making of important intermediates that leads to the
synthesis of anti-cancer and anti-viral drugs such as Taxol and Tamiflu, respectively [1, 2].
Since then, Diels-Alder reactions have formed an important part of the synthetic repertoire of
making intermolecular and intramolecular cyclic compounds.

Different strategies of enhancing asymmetric Diels-Alder reactions have been reported [3,
4]. With this view, the choice of catalyst to enhance the yield and selectivity of Diels-Alder
reactions has also been an important issue that needs to be addressed [5, 6]. Catalysts such as
Lewis acids [7, 8] have been known to enhance Diels-Alder reactions but their use has been
restricted since they decompose in the presence of a small amount of water and cannot be reused
[9].

The use of surfactants in assisting a variety of organic reactions is highly promising for basic
and applied research [10, 11]. Micelle forming surfactants have been widely used as reaction
medium for many important organic reactions since micelles form organized assemblies that
affect the rates of chemical reactions and the position of chemical equilibrium [12, 13]. The use
of surfactants in micellar medium offers the possibilities for reaction control due to special
properties such as solubilization, pre-orientation, microviscosity, polarity and charge effects that
surfactants can confer [14]. These effects influence the organic reactions by affecting the yield,
regio and stereochemistry of the products.

The idea of micellization for the rate-enhancement of Diels-Alder reactions dates back to the
1980s, where higher yields were obtained when using water as solvent compared to other non-
polar solvents [15-18]. Hence, surfactants offer the possibility for organic reactions to occur in
aqueous media, and from the viewpoint of green chemistry, water is safer, harmless and
environmentally benign [19].

However, there has been limited work on the use of chiral micellar media to catalyze Diels-
Alder reactions. Amino acids are useful synthons from the chiral pool that help to provide a cost
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effective way of synthesizing surfactants as chiral catalysts. Optically active surfactants derived
from S-leucine and phenylalanine have been reported to be effective catalysts for the reaction
between nonyl acrylate and cyclopentadiene [20].

In continuation for the search of effective chiral micellar catalysts for Diels-Alder reactions,
a range of pre-synthesized ester hydrochloride surfactants derived from L-phenylalanine and L-
tyrosine [21] were used as novel chiral micellar-based catalysts for the reaction between methyl
acrylate and cyclopentadiene. The effect of chain length and head groups of the surfactants on
the reaction yields and selectivity were investigated. The reaction conditions such as
concentration of surfactants, temperature, time and solvent variation were also studied in view
of investigating the optimum conditions for which these surfactants can act as effective catalysts
for the Diels-Alder reaction.

EXPERIMENTAL

L-Phenylalanine was obtained from HiMedia Laboratories (India). L-Tyrosine, octan-1-ol,
decan-1-ol, dodecan-1lol, tetradecan-1-ol, dicyclopentadiene and thionyl chloride were
purchased from Sigma-Aldrich (USA). p-Toluene sulfonic acid (PTSA) was obtained from
Merck (Germany). Silica gel (60—120 Mesh) used for column chromatography was obtained
from Alpha Chemika (India). Cetyltrimethyl ammonium bromide (CTAB) was obtained from
BDH Laboratory Supplies (England). Sodium dodecyl sulfate was obtained from Loba Chemie
(India).

'H and ®C NMR spectra were recorded at 250 MHz and 62.9 MHz, respectively, on a
Bruker electro spin NMR spectrometer using CDCl;, D,O and DMSO-d, as solvents. GC-MS
analysis was carried out on a Clarus 500 GC-Clarus 560S Mass Spectrometer using an SGE
BPXS5 capillary column (30 m x 0.32 mm % 0.5 pm), helium gas as carrier with a flow rate of
1.50 mL/min, injector temperature of 240 °C, detector temperature of 270 °C and oven
temperature program 100 °C (hold for 2 min), ramp rate of 15 °C/min to 280 °C (hold for 15
min), flow rate 1.50 mL/min. The cycloadduct isomers were identified by matching their mass
spectra with those in the NIST library. The order of product retention time of the isomers was
determined from literature data [22].

General method for the Diels-Alder reaction

Cyclopentadiene was obtained by thermal cracking of dicyclopentadiene at 160 °C.
Cyclopentadiene (0.32 mL, 3.80 mmol) and methyl acrylate (0.17 mL, 1.90 mmol) were added
to an aqueous solution of the surfactant and the reaction mixture was stirred at room temperature
for 72 hours. The mixture was extracted with diethylether (3 x 20 mL). The organic phase was
dried over anhydrous sodium sulfate, filtered and the excess solvent was removed under vacuo
to yield the crude Diels-Alder adduct which was purified by column chromatography using
hexane/ethyl acetate in a ratio of 2:1. The pure product was obtained in 95% yield and was
analyzed using GC/MS.

Methyl bicyclo [2.2.1] hept-5-ene-2-carboxylate. "H NMR (CDCL;) & (ppm): 1.23 (1H, m), 1.39
(2H, m), 1.84 (1H, m), 2.90 (2H, m), 3.61 (3H, s), 5.90 (1H, m), 6.15-6.19 (1H, m).”C NMR
(CDCl3) 8 (ppm): 32.1 (CH,), 45.4 (C-CO), 46.0 (CH-CO), 48.5 (CH,), 52.5 (CH), 54.3 (O-
CH,), 135.2 (2C, C=C), 178.1 (C=0). m/z (EI) 151.1873 (M, 30%). Retention times: 4.48 min,
exo-cycloadduct, 4.63 min, endo-cycloadduct [lit: 12.7 min, exo-cycloadduct; 12.9 min, endo-
cycloadduct] [23]. The endo/exo ratio was calculated based on the peak areas of the endo and
exo-cycloadduct in the chromatogram.
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RESULTS AND DISCUSSION

The Diels-Alder reaction between methyl acrylate and cyclopentadiene gives rise to a mixture of
exo (thermodynamic) and endo (kinetic) products (Figure 1) [23]. The reaction was initially
carried out in the presence of the commercially available surfactant cetyltrimethyl ammonium
bromide (CTAB) in water.

O Ay A2

Endo Exo
Figure 1. Diels-Alder reaction between methyl acrylate and cyclopentadiene.

The presence of CTAB afforded higher product yield compared to the reaction where no
catalyst was used. At the critical micelle concentration (CMC), which is the concentration at
which surfactant monomers cyclize to form micelles, an increase in product yield of up to 95%,
together with a lower endo-exo ratio were observed.

L-Phenylalanine and L-tyrosine O-alkyl ester hydrochloride surfactants of varying lengths
(Cs to Cyy) (Figure 2) which have been previously synthesized by our group were tested as
potential chiral micellar catalysts for the Diels-Alder reaction between methyl acrylate and
cyclopentadiene.
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Figure 2. L-Phenylalanine and L-tyrosine ester hydrochloride surfactants.

The studies were carried out at the CMCs of the surfactants and the results are summarized
in Table 1 [21]. An increase in the yield of the Diels-Alder adduct was obtained as the chain
length of the ester hydrochlorides was increased from Cg to Cj, for both the phenylalanine
(Table 1, entries 3 and 7) and tyrosine (Table 1, entries 16 and 20) series. This may be due to the
increase in the hydrophobic character of the surfactant molecules which favors the interaction
with the reacting substrates. The maximum catalytic efficiency was obtained with an alkyl chain
length of Cy, for both surfactants. However, a further increase in the chain length from Cy, to
Cy, resulted in a decrease in the yield (Table 1, entries 14, 15, 27, 28) (Figure 3). This can be
attributed to the coiling effect of the surfactant of higher chain lengths which can potentially
alter the orientation of the substrates resulting in reduced yields [24]. An increase in the
percentage of the endo adduct was observed with increasing chain length of phenylalanine alkyl
esters while for tyrosine, the percentage of the endo adduct decreases from Cg to Cyy and then
increases from C;, to Cy4.
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Table 1. Reactions between cyclopentadiene and methyl acrylate carried out at the surfactants” CMC".

Entry | Solvent | Surfactant CMC* mM Temp (°C) | Time/h | Yield (%) | Endo: Exo
1 Water - 20 72 18 85:15
2 Water CTAB 1.00 20 72 95 82:18
3 Water Phe8 3.96 20 72 87 75:25
4 Water Phel0 0.69 20 4 18 91:9
5 Water Phel0 0.69 20 24 38 90:10
6 Water Phel0 0.69 0 72 0 -

7 Water Phel0 0.69 20 72 98 80:20
8 Hexane Phel0 0.69 20 72 36 69 :31
9 DCM Phel0 0.69 20 72 0 -

10 THF Phel0 0.69 20 72 63 73:27
11 Water Phel0 0.69 40 72 61 86: 14
12 Water Phel0 0.69 70 72 27 89:11
13 Water Phel0 0.69 100 72 18 83:17
14 Water Phel2 0.154 20 72 72 81:19
15 Water Phel4 0.180 20 72 64 89:11
16 Water Tyr8 1.94 20 72 53 86: 14
17 Water Tyrl0 0.180 20 4 10 86: 14
18 Water Tyrl0 0.283 20 24 29 81:19
19 Water Tyrl0 0.283 0 72 15 85:15
20 Water Tyrl0 0.283 20 72 70 80:20
21 Hexane Tyrl0 0.283 20 72 30 71:29
22 DCM Tyrl0 0.283 20 72 0 -

23 THF Tyrl0 0.283 20 72 50 77:23
24 Water Tyrl0 0.283 40 72 40 91:9
25 Water Tyrl0 0.283 70 72 35 92:8
26 Water Tyrl0 0.283 100 72 0 -

27 Water Tyrl2 0.0388 20 72 44 85:15
28 Water Tyrl4 0.0138 20 72 34 85:15

"CMC was studied using conductivity measurements and has been previously published [21].
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Figure 3. Effect of chain lengths of L-phenylalanine and L-tyrosine on reaction yields of the
Diels-Alder adduct.
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Figure 4. Effect of chain lengths of L-Phenylalanine and L-Tyrosine on reaction selectivity.

The yield of the Diels-Alder adduct was found to increase with the reaction time. At 72 h,
the cyclic adduct was obtained in 98 and 70% yield using the C;, derivatives of phenylalanine
and tyrosine ester hydrochlorides respectively (Table 1, entries 7 and 20). When the Diels-Alder
reaction was carried out for longer reaction times the endo.exo ratio was found to decrease. This
is in line with what has been reported in literature, whereby longer reaction times cause retro
reaction to occur readily, favoring the formation of the more thermodynamically stable exo
product [23].

The optimum yield was obtained when the reaction was carried at 20 °C (Table 1, entries 3,
7, 14, 15, 16, 20, 27, 28). Increasing the temperature of the reaction beyond 20 °C resulted in a
change in the micellar structure of the catalyst which reduces the yield of the product and
favoring at the same time the formation of the kinetic endo product [25].

The formation of the Diels-Alder adduct was found to be dependent on the nature of solvent.
For both the tyrosine and phenylalanine hydrochloride surfactant series, increasing the polarity
of the solvent from hexane to THF and to water caused an increase in the yield of the reaction.
This is in line with what has been previously reported, where the use of aqueous media was
found to enhance Diels-Alder reaction [26]. Non-polar solvents reduced both the yield and the
selectivity (Table 1, entry 21) of the cycloadduct since reverse micelles are known to be formed
in these media [27, 28]. Surprisingly, when DCM was employed using either tyrosine or
phenylalanine hydrochloride the yield obtained was negligible (Table 1, entries 9 and 22). This
is maybe due to the fact that the structural orientation of both Phe-10 and Tyr-10 surfactants
under these conditions do not favourably interact with the reacting substrates. This is in line
with Sousa’s work who demonstrated how a variation of catalysts in DCM can affect the
reaction yield as a result of how they interact with the reacting substrate [29].

From Table 1, it can be deduced that in general phenylalanine ester hydrochloride
surfactants proved to be more of a potential chiral micellar catalyst than the tyrosine analogues
in terms of both the yield and endo/exo ratio. This may be explained by the different orientations
adopted at the micellar interface by the phenylalanine and tyrosine ester hydrochlorides. When
the reacting substrates are introduced in the aqueous micellar solutions, dienes and dienophiles
come in close proximity of the micellar structure causing them to bind within the micelles
enhancing the reactivity. Therefore, the rate of reaction of surfactant-assisted catalysis for Diels-
Alder reactions in water will depend on the nature of surfactant, overall influence of
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hydrophobic effects, electrostatic interactions and the accompanying medium effects. In the case
of phenylalanine esters, the phenyl ring remained folded away from the aqueous medium within
the micellar core together with the hydrophobic tail allowing better n-n-stacking between the
aromatic ring and reacting substrates. In case of the tyrosine dodecyl ester hydrochloride, the
OH moiety in tyrosine pulled the aromatic ring towards the aqueous layer thus causing less n- -
stacking (Figure 5) [30-32]. Figure 5 shows how the reacting substrates may interact with
phenylalanine and tyrosine dodecyl ester hydrochlorides which has led to the different yields
and endo/exo behaviors.

Phenyl ring within
micellar core

Phenolic ring towards
aqueous layer

oxT
oI

Figure 5. Postulate model showing the interactions between L-phenylalanine and L-tyrosine
catalysts with cyclopentadiene and methyl acrylate.
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After the successful acceleration of the Diels-Alder reactions with cationic surfactants, the
study was extended to explain how the yield and selectivity of the cyclo-adduct can be affected
using different concentrations of catalysts before, at and after the critical micelle concentration
of the catalyst. CTAB was initially used to study the effect of micellization on the yield and
selectivity of the Diels-Alder reaction (Figure 6). At a concentration of 0.02 mM of CTAB
which is well below its CMC, a low yield was observed. At the onset of the CMC of CTAB, an
abrupt increase in the yield of the Diels-Alder adduct was observed. The yield then decreases
upon further increase in concentration above the CMC of CTAB. Micellization was also found
to affect the selectivity of the Diels-Alder reaction, whereby an increase in the concentration of
CTAB to its CMC and above increased the ratio of the endo over the exo adduct.

96 ——% Yield

—=— % Endo
adduct

0“.

v |
]

0 0.5 1 1.5 2
Concentration (mM) j

Figure 6. Effect of varying the concentration of CTAB on yield and selectivity.

The effect of micellization was also studied with the tyrosine esters. The results are shown
in Table 2.

Table 2. Influence of CMC value on the yield and selectivity of the reaction between cyclopentadiene and
methyl acrylate-water, 72 h, 20 °C.

Entry Surfactant Conditions Yield (%) Endo : Exo
1 Tyrl0 0.5xCMC 24 83:17
2 Tyr10 CMC 71 80:20
3 Tyrl0 4xCMC 3 86:14
4 Tyrl2 CMC 44 85:15
5 Tyrl2 4xCMC 22 88:12
6 Tyrl4 CMC 34 85:15
7 Tyrl4 4xCMC 34 85:15

All the tyrosine esters showed similar trends as that observed with CTAB. When their
concentrations are below their respective CMC values, the surfactants exist in the monomeric
form. At the CMC, a steady increase in the yield of the Diels-Alder adduct was observed due to
the formation of micelles in the reaction medium, which helped in the solubilization and
orientation of the reactants within the micellar core, hence favouring the yield and selectivity of
the reaction. A further increase in the concentration above the CMC values resulted in greater
selectivity of the Diels-Alder adduct towards the endo product. This might be due to a change in
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the shape of the micelles when the concentration of the surfactant is increased well above its
CMC [33] which favoured the kinetic endo product over the thermodynamic one. However, at
this particular concentration, a drop in the yield of the product was observed which might be
explained by the change in the micellar structure which rendered the reaction unfavorable.

The pH of the reaction medium has been known to play a vital role in the yield and
selectivity of the product [20, 34]. The effect of pH was investigated using CTAB and dodecyl
tyrosine ester hydrochloride in water (Table 3). The pH was adjusted by dropwise addition of 2
M HCI (pH < 3) or 2 M NaOH (pH > 3) and was monitored using a pH meter. At extreme acidic
conditions, pH 1, the cyclo-adduct was obtained in only 13% yield. This can be attributed to the
breakdown of self-aggregates of the micelles. Increasing the pH to 3 was found to enhance both
the yield and selectivity of the product (entry 2, Table 3). This is in line with previous studies
whereby it was reported that pH 3 provides favourable polarization of the acrylate molecule in
protic media stabilizing the micellar aggregates [20]. At higher pH, surfactants exist as the free
amine and can form hydrogen bonding with the acrylate which is no longer protonated, thus
stabilizing the reactive intermediates and hence favoring the reaction and also the preferential
formation of the thermodynamically stable exo isomer.

The effects of using a salting-out agent was also investigated. LiCl was added as a salting
out agent which helped remove the reactants from the aqueous pseudo-phase, increasing the
complexation of the substrate to the micelles. Moreover, increasing concentration of chloride
counter ions caused a shrinkage in the Stern layer (region in the micelle which contains the polar
head groups as well as counter ions tightly bound that interact with the aqueous exterior) which
lead to a greater pre-orientation thus forcing the reactants to come closer thus resulting in
enhanced yield (Table 3, entry 6). As expected, the reaction yield of the cycloadduct increased
to 84%. However, a large drop in the endo/exo ratio was observed showing that the production
of the exo isomer was favoured.

Table 3. Variation of pH and salting-out agent on the reaction between cyclopentadiene and methylacrylate-
water, 72 h, 20°C.

Entry Surfactant pH Conditions Yield (%) Endo : Exo
1 Tyrl0 1 At CMC 13 83:17
2 Tyrl0 3 At CMC 77 93:7
3 Tyrl0 5 CMC 56 78:22
4 Tyrl0 7 CMC 71 80:20
5 Tyrl0 9 CMC 68 79:21
6 Tyrl0 3 At CMC +4.86 M LiCl 84 80:20
CONCLUSION

We have demonstrated that our pre-synthesized surfactant compounds derived from L-tyrosine
and L-phenylalanine are promising chiral micellar catalysts for Diels-Alder reactions. We also
compared and carried out for the first time a comparative catalytic study of these amino acid
surfactants with cationic CTAB under varying conditions. The C;, derivatives for both
phenylalanine and tyrosine generated higher yields (up to 98%) and selectivities (high
endo/ratio up to 92%) of the Diels-Alder product. The ester hydrochloride surfactants showed
optimum activity when used at a concentration corresponding to their respective CMC values,
under an acidic condition (pH =3) as well as in the presence of LiCl as salting-out agent.
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