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Abstract

The development of heterogeneous catalytic processes is highly desirable in order to overcome some
drawbacks of homogeneous catalysts, such as the separation and recycling of these catalysts. In this work,
we report that Jacobsen type catalysts are efficient and selective for the oxidation of R-(+4)-limonene to its
corresponding diepoxides using in situ generated dimethyldioxirane (DMD) as oxidant. It was demonstrated
that the solid NaHCO3 addition to the initial reaction mixture, improves the catalytic activity. Additionally,
catalyst samples can be recovered and reused at least twice without significant loss of its initial catalytic
activity.
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Resumen

El desarrollo de procesos cataliticos heterogéneos es muy deseable dado que se pueden superar las difi-
cultades que presentan los catalizadores homogéneos, tales como la separacién y el reciclado de estos
catalizadores. En este trabajo, reportamos que los catalizadores tipo Jacobsen son eficientes y selectivos
para la oxidacion de R-(+)-limoneno a sus correspondientes diep6xidos cuando dimetildioxirano generado
in situ es utilizado como agente oxidante. Se demostré que la adicién de NaHCO3 sdlido, al inicio de la
reaccién, mejora la actividad catalitica. Ademads, el catalizador puede ser recuperado y reutilizado al menos
dos veces sin pérdida significativa de su actividad catalitica inicial.
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1. Introduction

Oxyfunctionalization of limonene is of great im-
portance for the synthesis of fine chemicals, pharma-
ceuticals and flavours [1]. In general, this reaction
yields a variety of products (Figure 1).
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Figure 1. Main oxygenated compounds derived from
limonene.

Transition metal Schiff base complexes are active
homogeneous catalysts in olefin oxidation and man-
ganese (III) complexes with salen type ligands have
shown to be highly effective, chemoselective and ste-
reoselective for this reaction [2]. Particularly, the Ja-
cobsen type catalysts are the most popular. However,
oxidative degradation of the salen ligand due to the
use of most common oxidizing agents (sodium hypo-
chlorite, iodosobenzene and 3-chloroperoxybenzoic
acid) and difficult separation of the catalyst are pro-
blematic issues with these catalysts [3]. Although,
immobilization of the homogeneous catalysts onto
a solid support may be a strategy to overcome these
difficulties, the catalytic activity is often deteriora-
ted after heterogenizing the homogeneous catalyst
[4]. Catalyst separation from products can also be
achieved by using the solubility of the catalyst from
the reaction mixture [5]. The chiral complex known
as the Jacobsen catalyst, Figure 2a, is the most ef-
fective catalytic system for these reactions [6]. On
the other hand, diastereoselective transformations
might be performed with an achiral catalyst. In this
case the chiral induction is governed by the subs-
trate instead of the catalyst [7]. Figure 2b, depicts
the structure of the simplest achiral manganese (III)
salen complex homologous to the Jacobsen catalyst;
where tert-butyl groups in aromatic rings are very
important for favoring the chiral communication of
the substrate with the active catalytic species, in this
case, oxo manganese (V) moiety [8]. Moreover, the
presence of a nitrogen organic base is crucial for
stabilizing the active species and for avoiding the
formation of inactive p-oxo manganese (IV) dimeric
moiety [8].
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Figure 2. Manganese (III) salen complexes. (a): chiral
catalyst; (b): achiral catalyst.

In a previous work, one of the authors described
that the use of in situ generated dimethyldioxirane
(DMD) as oxidizing agent in the enantioselective
epoxidation of cis-ethyl cinnamate facilitated pro-
duct isolation and catalyst recovery without apprecia-
ble oxidative degradation of the salen ligand [9]. This
was possible by lowering catalyst solubility during
the reaction [9]. In this work, the diastereoselective
epoxidation of R-(+4)-limonene using both chiral and
achiral Mn(III) salen complexes as catalysts and in
situ generated DMD in homogeneous phase is exa-
mined. On the other hand, it is well known that a
slightly basic reaction medium, favors the formation
of DMD [10]. Normally, it is reached by using basic
buffer solution, e.g NaHCOs.

2. Experimental

Ethylenediamine, 1,2-diaminocyclohexane 99 %
(mixture cis and trans), L-(+4) tartaric acid, 3,5-di-
tert-butyl-2-hydroxybenzaldehyde, manganese (II)
acetate, lithium chloride, R-(+)-limonene, R-(+)-
limonene oxide cis/trans mixture, n-decane, Oxone®
(2KHSO5eKHSO40K2S04), sodium bicarbonate, et-
hanol, acetone, dichloromethane and acetonitrile we-
re purchased from Aldrich and used without further
purification.

2.1. Catalyst Preparation

Catalysts were prepared according to the method
reported by Jacobsen group [11]. The chiral catalyst
(Figure 2a) was prepared in three steps. In the first
step, racemic resolution of 1,2-diaminocyclohexane
(mixture cis and trans) with L-(4) tartaric acid gi-
ves (1R, 2R)-(+)-1,2-diaminocyclohexane L-tartrate
(chiral amine). Subsequently, salen ligand was pre-
pared by condensation of 2.0 mmol of 3,5-di-tert-
butyl-2-hydroxybenzaldehyde with 1.0 mmol chi-
ral amine to afford (R,R)-(—)-N,N’-bis(3,5-di-tert-
butylsalicylidene) cyclohexane-1,2-diamine (salen
ligand). Finally, the salen ligand was treated with
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manganese (II) acetate in the presence of bubbling air
and lithium chloride at reflux temperature (ethanol).
Synthesis of achiral catalyst (Figure 2b) was carried
out in the same way as chiral catalyst, but without
the racemic resolution step. In this case, ethylene-
diamine was used as amine precursor. Both catalysts
were stored without any protection against air prior
to catalytic tests.

2.2. Catalyst Characterization

TGA was carried out on powder samples using
a TGA 2950 with a heating rate of 2 K/min in the
presence of ambient air. IR spectra were recorded
using a Nicolet Avatar 330 spectrometer by the KBr
technique.

2.3. Catalytic Tests

Reactions were performed as follows [12]: 30 mL
acetone was added to a mixture of 5 mmol R-(+4)-
limonene, 0.5 mmol catalyst and 1 g sodium bicar-
bonate at room temperature. The pH of the resulting
mixture was adjusted between 9.0 - 9.5 adding a
sodium bicarbonate aqueous solution (5 wt- %). Sub-
sequently, a solution containing the required amount
of Oxone® (2KHSOs50KHSO,0K2S04) in 25 mL
of water was slowly added during 20 to 45 minutes
under continuous stirring. The pH was controlled
between 8.0 and 8.5 with aqueous NaHCO3 (5 wt-
%). After total addition of the oxygen source, stirring
was stopped and the obtained solid filtered off. The
liquid phase was treated with 30 mL of dichloro-
methane or acetonitrile and two liquid phases were
obtained. The aqueous phase was discarded, while
catalyst and reaction products were separated from
the organic phase by a short-path distillation process
at 0.08 MPa and 393 K. The recovered catalyst was
dissolved in 30 mL acetone prior to reuse. On the
other hand, the catalyst free of organic phase was
dried with anhydrous sodium sulfate and concen-
trated under vacuum at room temperature. Then, a
known amount of n-decane (internal standard) was
added and the resulting solution analyzed in a 3400
Varian Star gas chromatograph equipped with a DB-
1 capillary column (50 m x 320 um x 1.20 um).
All experiments have been repeated twice. The con-
version, selectivity and diastereomeric excess was
calculated by the area normalization method.
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3. Results and Discussion
4. Catalyst Characterization

4.1. Thermal Analysis

The identity and purity of synthesized salen com-
plexes was first investigated by TGA. The salen li-
gand reveals a well defined decomposition tempera-
ture at 305 °C (Figure 3a). In contrast, manganese
salen complexes exhibit several steps of decomposi-
tion (Figure 3b and 3c).
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Figure 3. TG analysis of salen complexes, a: salen li-
gand; b: achiral catalyst; c: chiral catalyst.

Thus, the achiral catalyst shifts the main decom-
position temperature to approximately 318 °C, whi-
le chiral catalyst to approximately 320 °C. In both
catalysts, one or two small weight loss steps are
observed in the range 400-470 °C, which can be
ascribed to decomposition of more stable groups
(tert-butyl groups). In addition to that, a small
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unburned residual mass above 550 °C may be attri-
buted to the formation of manganese oxides. Similar
thermal behaviour has also been found for Jacob-
sen’s catalyst [13].

4.2. FT-IR

Figure 4 shows FT-IR spectra of salen complexes.
The C=N imine vibration signal in the salen ligand
at 1645 cm™! (Figure 4a) is shifted in the achiral and
chiral catalyst to a lower wavenumber 1610 cm™!
(Figure 4b) and 1621 cm~! (Figure 4c), respectively.
These results suggest that the imine group changes
from a 2-coordinate environment in the salen ligand
to 3-coordinate environment in the organomanganese
complexes [13]. Moreover, the most characteristic
signal from the point of view of the structure of
metal salen complexes is the presence of a band
between 1530-1540 cm™! (Figure 4b and 4c), which
confirm that manganese (III) salen complexes were
obtained [13]. However, the achiral catalyst shows
a weak signal at approximately 1640 cm™!, which
may indicate that complexation with manganese ion,
was not complete.
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Figure 4. FT-IR spectra of a: salen ligand, b: achiral
catalyst, c: chiral catalyst.

4.3. Catalytic Activity

Results of catalytic experiments are presented in
Tables 1 and 2. Table 1 lists R-(+)-limonene con-
version vs the amount of Oxone® added to reaction
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mixture without catalyst. R-(4)-limonene conver-
sion was favored by increasing the oxygen source.
However, epoxide selectivity diminished. This result
can be ascribed to pH decrease with Oxone®/H,0
addition. It is recognized that R-(+)-limonene oxi-
des are very unstable under acidic conditions. The-
refore, the corresponding diol is preferably formed
[14]. With no catalyst, the best results were 87 %
conversion, 83 % selectivity and 5 % de (selectivity
to (+)-cis-1,2 limonene oxide), which corresponds
to a R-(+)-limonene/ Oxone® molar ratio of 5/4.

At the beginning, pH of reaction mixture was
kept between 9.0-9.5 in order to neutralize the acid
strength of Oxone® aqueous solution (pH < 1). It
is known that high pH values promote Oxone® de-
composition [15]. In this study, a pH value between
8.0-8.5 during reaction was found convenient for ob-
taining good epoxide selectivity (80-85 %). On the
other hand, the presence of NaHCOj in the initial
reaction mixture has been demonstrated to be very
useful for the generation of DMD in aqueous so-
lution [16]. Table 1 shows that in the absence of
NaHCOj; (added as solid), R-(+)-limonene conver-
sion and epoxide selectivity were tremendously af-
fected.

Table 2 lists conversion of R-(+4)-limonene and
selectivity to epoxide with in situ generated DMD
over manganese (III) salen complexes of chiral and
achiral manganese (III) salen complexes.

It can be noted that for obtaining a similar conver-
sion, higher R-(+)-limonene/Oxone® (5/2) molar ra-
tio was used as compared to that for the un-catalyzed
reaction (5/4). Better selectivities to epoxide were
reached indicating the positive effect of mangane-
se (IIT) salen complexes as catalysts in comparison
to the uncatalyzed oxidation reaction. However, the
most important fact is that both catalysts, chiral and
achiral, afford good diastereoselectivity to (+)-cis-
1,2 limonene oxide and their catalytic activities are
very similar, suggesting that the induction chiral is
governed mainly by substrate. This result is very im-
portant, since the amine racemic resolution step is
not required for the preparation of achiral catalyst.
To the best of our knowledge, activity of achiral
manganese(IIl) salen complexes in the diastereose-
lective epoxidation of monoterpenes has not been
reported so far. It can also be seen in table 2 that
re-used achiral catalyst reaches the same conversion
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Table 1. Effect of Oxone® addition on the oxidation of R-(+4)-limonene with no catalyst.

Oxone®  pHinitial pHfinal C,% Sepovidess% Saio.%  de,%
1.0 95 8.6 72 85 7 3
4.0 9.4 8.3 87 83 15 5
4.0% 93 7.7 63 57 41 2
6.0 9.0 7.6 89 63 40 0
8.0 95 74 95 45 45 0

Reaction conditions: R-(+)-limonene= 5.0 mmol; Oxone® (2KHSO5eKHSO40K>SOy4)
= 1.0-8.0 mmol; NaHCO3= 1.0 g; pH control with aqueous NaHCO3 (5 wt-%); room
temperature; reaction time between 30 and 45 min.*NaHCO3 was not added to the initial
mixture; C: conversion; S, poxiges: €poxide selectivity; Sy;o: diol selectivity; de: diastereo-

meric excess.

Table 2. Oxidation of R-(+)-limonene with in situ generated DMD over manganese (III) salen complexes.

Catalyst pHinitial pHfinal C,%  S.porides%  Saiot %  de,%
Chiral catalyst 9.1 8.4 96 95 1 75
Achiral catalyst 9.5 8.4 93 93 3 70
Achiral catalyst (1% reuse) 9.6 8.6 85 80 10 0

Reaction conditions: R-(+)-limonene= 5.0 mmol; Oxone® (2KHSO5eKHSO40K,S04) = 2.0
mmol; NaHCO3= 1.0 g; catalyst = 0.5 mmol; pH control with aqueous NaHCO3 (5 %w); room
temperature; reaction time between 20 and 35 min.

and selectivity than uncatalyzed reaction. However,
the initial diastereoselectivity was lost. It suggests
that the catalyst was deactivated, although catalyst
physical loss and thermal degradation during catalyst
separation process (distillation under vacuum) can
not be discarded.

5. Conclusions

Achiral and chiral manganese (III) salen comple-
xes were prepared by conventional methods. Good
diastereoselectivities were reached with both ca-
talysts, suggesting that chiral induction is governed
mainly by substrate. The presence of NaHCOj3 in
the initial reaction mixture was found to successfully
improve epoxide stability. Catalyst lost its initial
diastereoselectivity, presumably by oxidative degra-
dation.
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