
ABSTRACT: 1,3-Dicapryloyl-2-eicosapentaenoylglycerol
(CEC) was synthesized by interesterification of trieicosapen-
taenoylglycerol (EEE) with ethyl caprylate (EtC) catalyzed by
LipozymeTM. After some of the reaction conditions were opti-
mized, the maximal molar content of CEC in the glycerides of
the reaction mixture was 91%. Among the parameters studied
in the optimization, the critical ones were: (i) the water content,
which influenced the conversion of EEE to CEC and 1-capryl-
oyl-2-eicosapentaenoylglycerol (CEOH), and (ii) the timing of
water removal under reduced pressure for the reesterification of
CEOH to form CEC. The complete synthesis of CEC from ethyl
eicosapentaenoate (EtE) was performed in three steps: (i) hydrol-
ysis of EtE to free eicosapentaenoic acid (EPA), (ii) esterification
of glycerol with EPA to form EEE, and (iii) interesterification of
EEE with EtC under the optimized conditions. The first two steps
were catalyzed by NovozymTM and the third by LipozymeTM.
The total yield over all the steps was 88%, and no purification
of the intermediates was necessary. The regioisomeric purity of
the product was 100% by silver-ion high-pressure liquid chro-
matography. 
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Triglycerides containing a polyunsaturated fatty acid (PUFA),
such as eicosapentaenoic or docosahexaenoic acid (EPA or
DHA, respectively), at the second position of the glycerol
backbone and two medium-chain acids (MCA) at the outer
positions are a group of structured glycerides with proven
therapeutic and nutritional properties. These lipids provide
the essential fatty acids and retain the assimilation advantages
of the medium-chain triglycerides (1,2).

The purpose of this paper is the establishment of a feasible
method for the synthesis of 1,3-dicapryloyl-2-eicosapen-
taenoylglycerol (CEC) for pharmaceutical use. Chemically
pure starting materials and intermediates as well as high re-
gioisomeric purity of the product are basic requirements for
the medical use of the product. 

There are a few possible strategies for the synthesis of such
triglycerides. Classical chemical esterification methods start

either from the 1,3-diglyceride of MCA or the 2-monoglyc-
eride of PUFA. These compounds are obtained chemically by
multistep methods that use toxic reactants and catalysts. Te-
dious purification after each step employs large amounts of
organic solvents. These partial glycerides are quite unstable
and undergo acyl migration even at ambient temperature.

A straightforward method that combines an enzymatic
with a chemical step was established in our laboratory (3).
The symmetrical 1,3-diglyceride of caprylic acid (CA) was
obtained enzymatically by direct esterification of glycerol
with CA in a solvent-free system followed by chemical con-
densation with EPA. The product was a mixture of approxi-
mately 90% CEC and 10% 1,2-dicapryloyl-3-eicosapen-
taenoylglycerol, and the total yield was less than 40%. 

A completely enzymatic process in two steps was recently
reported (4,5). The 2-monoglyceride is obtained by ethanoly-
sis of a triacylglyceride in an appropriate organic solvent. In
the second step, after purification by crystallization, the 2-
monoglyceride is reesterified with a fatty acid. However, the
method cannot be applied for triglycerides containing EPA or
DHA for two main reasons: (i) the low yields of the first step
due to the low activity of the lipases on such PUFA, and the
very difficult purification of their 2-monoglycerides, which
have a very low melting point.

To our knowledge, a practical method for CEC production
has not yet been reported, although several studies have con-
centrated on structured lipid syntheses by enzymatic acidoly-
sis or interesterification (6–8).

In our approach to CEC synthesis, trieicosapentaenoyl-
glycerol (EEE) was interesterified with ethyl caprylate (EtC)
in a solvent-free system using 1,3-specific Rhizomucor miehei
lipase as the catalyst. After the conditions for the interesterifi-
cation reaction were optimized, the complete enzymatic syn-
thesis of CEC in three steps starting from ethyl eicosapen-
taenoate (EtE) was performed.

EXPERIMENTAL PROCEDURES

Materials. Immobilized Candida antarctica lipase (Novozym
435) and R. miehei lipase (Lipozyme IM) were generous gifts
from Novo Nordisk Bioindustry (Chiba, Japan). EtC (min.
99%) was purchased from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). EtE (min. 99%) was donated by Nippon
Suisan Kaisha, Ltd. (Tokyo, Japan). EEE (min. 99%) was ob-
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tained by esterification of glycerol with the stoichiometric
amount of EPA at 40°C and 3 mm Hg, followed by purifica-
tion on a silica gel column.

Interesterification. EEE (0.284 g, 0.3 mmol) and EtC at a
specified molar ratio were mixed with 10% Lipozyme in a
flask under nitrogen atmosphere at 40°C and 300 rpm agita-
tion speed. Different reaction conditions were employed in
some cases and they are specified in the text where the exper-
iments are discussed.

Reesterification at low pressure. The partial glycerides gen-
erated during CEC synthesis with water addition were reesteri-
fied by water removal at 3 mm Hg vacuum. At a predetermined
time, the reaction vessel was connected to a vacuum pump
through a reflux condenser. The condenser through which water
at 5°C was circulated ensured the selective removal of water.

Complete CEC synthesis from EtE. EtE (0.992 g, 3 mmol),
H2O (0.540 g, 30 mmol), and Novozym (0.111 g, 10 wt% of
the total reaction mixture) were mixed by a magnetic stirrer
at 300 rpm and 40°C for 1 h at normal pressure and for 2 h
under vacuum until the formed ethanol and water evaporated
completely. The above procedure was repeated twice more
after additions of 0.540 g H2O, but the reaction time at nor-
mal pressure was shortened to 30 min. The degree of hydrol-
ysis was 97.6%. 

Glycerol (0.083 g, 0.9 mmol) and H2O (0.021 g, 2 wt% of
the total reaction mixture) were added directly to the flask
with the final reaction mixture of hydrolysis. Esterification
was performed for 24 h at 300 rpm agitation speed, 3 mm Hg,
and 40°C. The yield of EEE was 92.6%. The enzyme (Novo-
zym) was removed by filtration. The product composition by
gas chromatography (GC) (wt %) was 89.9% EEE, 5.0% 1,2-
and 1,3-diacylglycerols, and 5.1 % EPA + EtE.

A portion (0.292 g) of the resultant filtrate (containing 0.3
mmol EPA-glycerides) was used for CEC synthesis by inter-
esterification with EtC (5.168 g, 30 mmol) and with
Lipozyme (0.608 g, 10 wt% of the total reaction mixture).
Water (0.094 g) was added to bring the water content of the
reaction mixture up to 2%. The initial water contents of the
reactants’ mixture and Lipozyme were 0.19 and 3.15%, re-
spectively. The reaction was performed at 40°C and 300 rpm
agitation speed under nitrogen atmosphere at normal pressure
for 10 h and then at 3 mm Hg for 3 h for the reesterification
of the resulting partial glycerides.

Analyses. The analyses of the reaction mixtures of EEE
and CEC syntheses were performed by high-temperature GC
(9). A chromatograph (GC-14; Shimadzu Corporation,
Kyoto, Japan) equipped with an on-column injector (OCI-14;
Shimadzu Corporation) and an SGE-HT5 aluminum-clad
fused-silica capillary column (6 m length, 0.53 mm internal
diameter, and 0.1 µm film thickness; Supelco, Sigma-Aldrich
Pty., New South Wales, Australia) was used. The temperature
program of the column was heating at 50°C for 0.5 min,
30°C/min to 110°C, 10°C/min to 140°C, 20°C/min to 250°C,
10°C /min to 330°C, and, finally, 5°C/min to 360°C. The in-
jector was heated from 50 to 370°C at 40°C/min and held at
this temperature for 18 min. 

The regioisomeric composition of the final product was
analyzed by high-pressure liquid chromatography (HPLC)
with a ChromSpher 5 Lipids silver ion chromatography col-
umn (250 × 4.6 mm × 1/4′′; Chrompack, Middleburg, The
Netherlands) (9). A binary solvent gradient made of solvent
A (n-hexane/2-propanol/acetonitrile at 350:100:2 by vol), and
solvent B (n-hexane/2-propanol/acetonitrile at 350:100:10 by
vol) was used. The column was eluted, at a flow rate of 0.65
mL/min, isocratically with solvent A for 3 min, with a linear
gradient of A to B for 22 min, and then held at B for 8 min.
The lipid species were detected spectrophotometrically at 206
nm. 

Water contents of the substrates and enzymes were deter-
mined with a Karl Fischer moisture meter (MKS-1; Kyoto
Electronics, Kyoto, Japan). 

RESULTS AND DISCUSSION

The reaction route used for CEC synthesis in this study con-
tains three steps. After the enzymatic hydrolysis of EtE under
controlled pressure (step 1), the resulting free EPA was used
for esterification of glycerol with removal of water under vac-
uum (step 2). Immobilized C. antarctica lipase (Novozym), a
nonspecific enzyme, was used in both reactions. The esterifi-
cation product (EEE) was reacted with EtC using the 1,3-spe-
cific Lipozyme (immobilized R. miehei lipase) as the catalyst
(step 3). The focus of this paper is on interesterification of
EEE with EtC, which is the most difficult step of CEC syn-
thesis. The complete CEC synthesis starting from EtE is de-
scribed later.

Interesterification of EEE with EtC and acidolysis of EEE
with caprylic acid (CA) catalyzed by R. miehei lipase were
considered for CEC synthesis. The reaction rate and the final
content of the CEC were much lower for acidolysis than for
interesterification. For interesterification (EtC/EEE = 10:1
molar ratio), the molar content of CEC in the glyceride frac-
tion at 24 h was approximately 64.8% (Table 1). The content
of CEC was only 20.9% for acidolysis at the same molar ratio
(CA/EEE = 10:1) and the same time. Another advantage of
using EtC is the formation of EtE instead of EPA as the main
by-product. Because the boiling point of an ethyl ester is al-
ways lower than that of its corresponding free acid, EtE is
easier to remove from the final product by fractional distilla-
tion and to recycle in EEE synthesis.

The characteristics of the lipase employed are essential for
high-yield CEC synthesis. A lipase suitable for this reaction
should: (i) have very strict 1,3-specificity, (ii) be able to work
well on PUFA glycerides, and (iii) maintain its activity at low
water contents in the reaction media. Lipozyme satisfies all
these requirements. 

Optimization of EEE interesterification with EtC. Inter-
esterification is a reversible reaction, and an excess of EtC is
necessary to push the equilibrium toward a high content of
CEC (Table 1). Molar composition of glycerides was used for
the assessment of the system. The glycerides were separated
according to their molecular weight by GC so that all the posi-

502 R. IRIMESCU ET AL.

JAOCS, Vol. 77, no. 5 (2000)



tional isomers (if formed) of each glyceride species with a spe-
cific molecular weight were included under the same name.
The initial reaction rate was given as the mol% eicosapen-
taenoyl (E), acyl group liberated from glycerides at 30 min and
was calculated from the glyceride composition. The maximal
molar amount of E acyl groups was considered to be three
times the molar amount of EEE. The reaction at the stoichio-
metric molar ratio had the highest initial rate, but the molar
content of CEC at 24 h (close to equilibrium) was less than
28%. Higher molar ratios (EtC/EEE) increased the final con-
tent of CEC at the expense of increased reaction rates. Satura-
tion was reached at 100:1 molar ratio with approximately 77%
CEC obtained at 24 h.

In the reaction mechanism of the interesterification, 1,2-
dieicosapentaenoylglycerol (EEOH) and 1-capryloyl-2-eico-
sapentaenoylglycerol (CEOH) are key intermediates for the
enzymatic acyl exchange in triacylglycerols. Dicapryloyl-
glycerol (CCOH) and tricapryloylglycerol (CCC) are by-
products created by acyl migration of EEOH and CEOH fol-
lowed by acyl exchange. As shown in Table 1, certain
amounts of CCOH and CCC were formed in all experiments.
Further investigations to reduce the extent of acyl migration
were performed for the improvement of the final yields. 

Reaction temperature affects the reaction rates, including
the rate of acyl migration. The content of CCOH and CCC in
the reaction mixture is a measure of the degree of acyl migra-
tion. As expected, higher temperature increased the reaction
rates, but also promoted acyl migration (Table 2). Although
the reaction rate was higher, the final content of CCOH and
CCC, combined, at 50°C increased compared to the content
at 40°C, without any improvement of the CEC yield. The ini-

tial reaction rate at 30°C was less than half of the rate at
40°C, but CCC content at 24 h was only approximately 2%.
As a compromise between a high reaction rate and reduced
acyl migration, 40°C was used for the rest of our experiments.

High conversion of EEE and the intermediates, 1-capryloyl-
2,3-dieicosapentaenoylglycerol (CEE) and EEOH, and low
CCOH and CCC formation are desirable to simplify the down-
stream purification operations. Table 3 is an example of a reac-
tion time course. The unreacted intermediates, CEE and EEOH,
accounted for approximately 12% of the glycerides at 24 h. Fur-
ther extension of the reaction time to 48 h did not improve the
final yield of CEC due to the increase of CCC content. Shorter
reaction time to limit CCC formation by acyl migration and high
conversion of EEE, CEE, and EEOH was  pursued.

The effect of water content of the reaction mixture was in-
vestigated with respect to the initial reaction rates and maxi-
mal yield of CEC and CEOH (Table 4). CEOH can be esteri-
fied later to CEC by removing the water under vacuum (Table
5) and, thus its formation is not a drawback. The initial reac-
tion rate was almost unchanged in the range of 0.42 to 3%
water content, but decreased at 5% (Table 4). The maximal
yield of CEC and CEOH combined (approximately 92% at 12
h) was obtained with 1 and 2% water in the reaction mixture.
The content of CCOH increased from 12 to 24 h and de-
pended on the water content of the reaction mixture. In-
creased water content favored acyl migration and thus CCOH
and CCC formation. The highest amount of CCOH and CCC
(approximately 23% combined at 24 h) was formed in the re-
action mixture with 3% water.

The partially hydrolyzed product CEOH was reesterified
to CEC by removing the water under vacuum. The timing of
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TABLE 1
Effect of Molar Ratio of EtC to EEEa

Initial reaction rate
Molar ratio (mol% E acyl group Glyceride composition at 24 h (mol%)

(EtC/EEE) liberated at 30 min) CCOH CCC CEOH CEC EEOH CEE EEE

2 22.7 1.3 1.5 4.4 27.7 2.6 51.1 11.4
5 18.4 2.9 3.4 7.1 48.7 1.6 31.8 4.5

10 17.3 4.1 3.6 7.9 64.8 0 16.8 2.8
15 12.4 4.0 3.7 7.6 69.6 2.1 13.0 0
25 8.5 2.2 3.4 6.7 74.9 0 12.8 0
50 7.5 2.5 3.9 7.3 76.9 1.5 7.9 0

100 9.5 3.0 2.9 7.1 77.4 2.4 7.2 0
aThe reaction temperature was 40°C. EtC, ethyl caprylate; EEE, trieicosapentaenoylglycerol; E, eicosapentaenoyl; CCOH,
dicapryloylglycerol; CCC, tricapryloylglycerol; CEOH, 1-caprylol-2-eicosapentaenoylglycerol; CEC, 1,3-dicapryloyl-2-
eicosapentaenoylglycerol; EEOH, 1,2-dieicosapentaenoylglycerol; CEE, 1-capryloyl-2,3-dieicosapentaenoylglycerol.

TABLE 2
Effect of Temperaturea

Initial reaction rate
Temperature (mol% E acyl group Glyceride composition at 24 h (mol%)

(˚C) liberated at 30 min) CCOH CCC CEOH CEC EEOH CEE EEE

30 5.4 0 1.9 6.9 69.4 2.0 17.8 2.0
40 12.4 2.2 2.8 6.1 70.3 2.3 16.3 0
50 18.8 2.4 6.1 4.3 69.6 1.5 16.1 0
aThe experiments were performed at EtC/EEE = 15:1 molar ratio. For abbreviations see Table 1.



water removal was essential for reaching the maximal con-
tent of CEC (Table 5). Experiments were performed for the
reaction mixtures with 2 and 3% water and with the molar
ratio 100:1 of EtE/EEE. The maximal yield of CEC was ap-
proximately 90% for both, but it was attained at different con-
ditions: 10 h of reaction at normal pressure followed by 3 h
of reesterification at 3 mm Hg for the former, and 8 h of nor-
mal pressure and 4 h of vacuum for the latter. Figure 1 depicts

the time course of glyceride composition of the experiment at
2% water. The regioisomeric purity of the products was more
than 99% CEC by silver-ion HPLC.

Complete CEC synthesis from EtE. The complete synthe-
sis of CEC in three steps starting from EtE was performed
using the optimized method for the interesterification of EEE
with EtC. A simple and cheap method for the intermediate
(EEE) synthesis is necessary for the industrial implementa-
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TABLE 3
Glyceride Composition During the Reaction Timea

Time Glyceride composition at 24 h (mol%)

(h) CCOH CCC CEOH CEC EEOH CEE EEE

0.5 0 0 0 5.2 4.2 14.0 76.6
1 0 0 0 4.8 5.3 23.2 66.7
2 0 0 2.5 10.7 3.9 40.2 42.7
3 0 0 5.0 16.7 3.5 45.8 29.0
5 0 0 5.0 30.2 3.7 47.8 13.3
8 0 0 5.8 47.1 3.3 38.0 5.8

12 0 2.3 8.0 70.3 2.2 17.2 0
24 1.7 2.2 5.8 78.6 2.6 9.1 0
48 0 9.4 7.2 78.4 1.7 3.3 0
aThe experiments were performed at EtC/EEE =100:1 molar ratio. For abbreviations see Table 1.

TABLE 4
Effect of Water Contenta

Initial reaction rate
Water content (mol% E acyl group Time Glyceride composition (mol%)

(wt%) liberated at 30 min) (h) CCOH CCC CEOH CEC EEOH CEE EEE

0.42b 9.5 12 0 2.3 8.0 70.3 2.2 17.2 0
24 3.0 2.9 7.1 77.3 2.4 7.3 0

1 8.4 12 0 0 30.8 62.0 3.5 3.7 0
24 13.7 5.2 23.1 52.4 2.4 3.2 0

2 9.2 12 0 0 51.4 41.1 2.5 5.0 0
24 15.3 5.6 36.2 31.8 6.4 4.7 0

3 8.8 12 6.1 0 59.3 30.1 1.5 3.0 0
24 18.2 4.6 43.2 27.6 3.5 2.9 0

5 4.7 12 4.7 2.2 59.9 27.3 1.6 4.3 0
24 16.2 3.2 44.6 27.8 3.6 4.6 0

aThe experiments were performed at EtC/EEE = 100:1 molar ratio. For abbreviations see Table 1.
bNo extra water was added to the reaction mixture.

TABLE 5
Effect of Timing of Water Removal on the Final Yield of CECa

Water content Timeb Glyceride composition (mol%)
(wt %) (h) CCOH CCC CEOH CEC EEOH CEE EEE

2 8+0 4.6 0 46.6 35.6 6.7 6.5 0
8+3 5.4 3.5 0 84.0 1.6 5.5 0

10+0 6.8 2.3 46.2 37.4 2.7 4.6 0
10+3 5.2 2.3 0 89.9 0.6 2.0 0
12+0 6.1 2.2 34.8 48.7 3.3 4.9 0
12+2 6.1 3.2 2.1 84.1 1.7 2.8 0

3 8+0 5.9 0 56.4 28.0 4.6 5.1 0
8+4 4.4 2.3 0 90.7 0 2.6 0

10+0 7.6 3.9 54.6 27.5 2.7 3.7 0
10+4 6.4 3.3 0.9 86.6 1.1 1.7 0
12+0 8.6 0 52.9 30.4 3.5 4.6 0
12+4 7.6 4.4 1.4 84.1 1.0 1.5 0

aThe experiments were performed at EtC/EEE =100:1 molar ratio. For abbreviations see Table 1.
b(Reaction time at normal pressure) + (reaction time at 3 mm Hg), in hours.



tion of this method. The enzymatic synthesis of EEE (10,11)
is a good option as the reaction conditions are milder and the
yield is higher than for the chemical methods. Product sepa-
ration is done by filtration of the reaction mixture for the re-
moval of the enzyme preparation. 

Free EPA is a better acyl donor than EtE for enzymatic es-
terification (11) and, thus, hydrolysis of EtE is required. Hy-
drolysis was performed with immobilized C. antarctica lipase
(Novozym), which was also used for EEE synthesis. The two
steps were performed in the same flask without any separa-
tion. The removal of the resulting ethanol under reduced pres-
sure was essential for attaining a high hydrolysis yield. As
water was also removed, supplementary water addition was
necessary. Glycerol was added directly to the flask after the
hydrolysis was complete, and the extent of esterification was
enhanced by the removal of the resulting water under vac-
uum. A water content of 2% was employed initially to en-
hance the enzyme activity. For this reaction, an enzyme that

is nonspecific for the glycerol positions is necessary. Candida
antarctica lipase has good specificity for EPA and has no po-
sitional specificity for glycerol. A molar excess of 10% EtE
was used to ensure a high yield of EEE. The final content of
EEE was high enough (89.9%) to use the reaction mixture
after catalyst filtration without purification for CEC synthe-
sis. Although the product contained 5.0% 1,2- and 1,3-diacyl-
glycerols, the former is itself an intermediate in the interester-
ification step and the latter is transformed during the same re-
action into 1,3-dicapryloylglycerol, which does not complicate
the product purification. The unreacted EPA and EtE are not
worth removing at this stage since they are also formed dur-
ing the interesterification of EEE to CEC. 

The molar glyceride composition of the product of inter-
esterification was: 88.5% CEC, 1.4% EEOH, 3.0% CEE,
3.1% CCC, and 4.0% CCOH. The regiosomeric purity of
CEC was 100%, as no positional isomer (1,2-dicapryloyl-3-
eicosapentaenoylglycerol) was detected by silver-ion HPLC. 

The excess of EtC can be removed easily at 5 mm Hg and
88–90°C and recycled in the interesterification step. The re-
moval of EtE, CCC, and CCOH might be done fractionally
by distillation. In a recent study, the product of borage oil acid-
olysis with CA was purified efficiently by molecular distilla-
tion (7). Separated EtE can then be reused for the subsequent
synthesis of EEE. If such a purification method is established,
the product purity might be more than 95% (molar). The rest
of the impurities would be CEE and EEOH, which are diffi-
cult to remove by molecular distillation but can be separated
by preparative reversed-phase column chromatography (12). 

The molar ratio of the reactants (EtC/EEE = 100:1) was
used as an experimental model taking advantage of the fact
that lower quantities of EEE were necessary for the same ex-
perimental volume. After the strategy was established, fewer
experiments were needed for scale-up. Therefore, the expen-
sive substrate (EEE) could be used economically. At a 20:1
molar ratio and the same reaction conditions, 78% CEC yield
was obtained after 10 h of reaction at normal pressure and 2 h
of water removal. 

The main aim of this study was to demonstrate the applic-
ability of this synthetic strategy, but further work is necessary
for the optimization of EEE synthesis.
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