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ABSTRACT: Lesquerolic acid wax and a, c0-diol esters were 
synthesized via immobilized Rhizomucor miehei lipase- 
(Lipozyme) catalyzed esterification of lesquerolic acid and al- 
coholysis of lesquerella oil. For each wax ester synthesis, when 
alcohol substrate was present at a slight (ca. 20%) stoichiomet- 
tic excess and water content was kept low, over 94% of the hy- 
droxy acyl groups were esterified. The extent of reaction and 
the ratio of monoester to diester produced for a,0~-diol reactions 
was controlled by the solubility of diol in the medium. This lat- 
ter quantity increased as alcoholysis proceeded due to the for- 
mation of partial glycerides and monoesters, which increased 
the polarity of the medium. Alcoholysis reactions were signifi- 
cantly slower when the medium diol content was above satura- 
tion. As the diol chainlength increased, diol solubilization de- 
creased, the ratio of monoester to diester decreased, and the ex- 
tent of hydrolysis increased. Alcoho[ysis reactions involving 
either fatty alcohols or diols suffered from acyl migration, which 
lowered the purity of lesquerolic acid esters. Several lesquerolic 
acid esters, synthesized on a preparative scale and purified via 
column chromatography, were evaluated for their properties: 
density, viscosity, and melting point. Potential applications for 
lesquerolic acid esters are discussed. 
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Lesquerellafendleri, native to the American Southwest, is 
being developed as a new U.S. crop. The progress of Les- 
querella research has been recently summarized (1). Its oil is 
rich (59%) in hydroxy fatty acids, particularly lesquerolic 
(20:11 l-OHI4) and auricolic (20:211 17-OH 14) acids, present 
at 55 and 4%, respectively (2). Hydroxy acids have several 
important industrial uses (3,4). Currently, the major commer- 
cial source of hydroxy fatty acids is ricinoleic (18:19-OH12) 
acid from castor (Ricinus communis) oil, which the United 
States imports. Recently, we have designed a procedure that 
features 1,3-specific lipolysis to isolate lesquerella oil's hy- 
droxy fatty acids (5). This method is successful because in L. 
fendleri triglycerides (TG), all of the C20 hydroxy acids are 
located at the 1- and 3- positions (5); moreover, 81% of TG 
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have a structure consisting of C20-hydroxy acyl groups at the 
1- and 3-positions and a C18 unsaturate at the 2-position. 

In this paper, we report the synthesis of lesquerolic acid 
esters from reactions catalyzed by 1,3-specific lipases. The 
use of 1,3-specific lipases is important because unlike random 
lipases, the former cannot catalyze ester formation at les- 
querolic acid's Cl4 hydroxyl group. Hydroxy acid esters have 
a variety of uses, e.g., plasticizers, mold release agents, firm- 
ing agents for cosmetics (hair products, lipsticks, lotions, 
etc.), waxes, surfactants, and chemical intermediates. Sul- 
fonated wax esters of ricinoleic acid are promising surface- 
active compounds (6). 

Recently, lipases with organic solvent-based media have 
been employed for the synthesis of hydroxy acid esters. 
Ghoshray and Bhattacharya (6) and Mukesh et al. (7) have 
produced ricinoleic acid wax esters from Rhizomucor miehei 
lipase-catalyzed esterification of ricinoleic acid or alcoholy- 
sis of castor oil at high yields. The latter investigators (7) dis- 
covered that 1-butanol inhibited the lipase. Wagner et al. (8) 
synthesized wax esters of aleuritic (C16-trihydroxy) acid by a 
similar reaction scheme and achieved moderate (ca. 60%) 
yields. A polar solvent, tert-butyl methyl ketone, had to be 
employed for solubilization of the hydroxy acid (8). [Polar 
solvents are known to reduce enzymatic reaction rates (9)]. 
Lang et al. (10) formed wax esters of (S)-17-hydroxy stearic 
acid, (R)-3-hydroxy decanoic acid, and 2-hydroxy octanoic 
acid with various lipases. They found that the reaction rates 
were faster when R. miehei lipase was the biocatalyst, free 
fatty acids were acyl donors instead of fatty acid methyl es- 
ters, and the acyl group's -OH moiety was farther away from 
its -COO moiety (10). Furthermore, the stereochemistry of 
the first two hydroxy acids were conserved in their esters (10). 
Steffen et al. (11) produced monoglycerides of (S)- 17-hy- 
droxy and 12-hydroxy stearic acids at high yields (>80%) 
with either R. miehei or Candida antarctica lipase as biocata- 
lyst. Several of the hydroxy acid wax esters produced in these 
investigations were found to be useful surfactants (6,8,10,11). 
Here, we produced lesquerolic acid wax esters via alcoholy- 
sis of lesquerella oil or direct esterification of the free acid by 
a protocol similar to that employed previously (6-8,10, l 1). 

Synthesis of fatty acid polyhydroxyl alcohol-(or polyol-) 
fatty acid esters is difficult because polyols have poor solu- 
bility in the solvent class of choice--lipophilic organic sol- 
vents (e.g., hexane) (9). Moreover, polyol ester-producing re- 
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actions in lipophilic organic solvents are slow (12,13) and 
may require extremely high agitation rates to improve mass 
transfer between the polyol and lipase (14). Polyol esterifica- 
tion reactions have been performed successfully in more polar 
solvents, such as tert-butanol, 2-pyrrolidone, or tetrahydrofu- 
ran (15,16). In addition, polar organic solvents shift thermo- 
dynamic equilibrium, usually toward the formation of mo- 
noesters over di- and triesters (17). However, for most cases, 
enzyme reactions in polar organic solvents are slow (9), and 
care must be taken to prevent polar solvents from stripping 
away the enzymes' bound water layer needed for catalysis 
(18). As an alternative, diol esters have been successfully syn- 
thesized by reacting ethyl esters of short-chain (CffC8) car- 
boxylic acids with polyols. The ethyl ester, present in great 
stoichiometric excess, acted as solvent (19,20). However, this 
procedure has not been done with long-chain fatty acid ester 
substrate. Other methods involve employment of modified re- 
action medium for hosting polyol reactions. For example, re- 
verse micelles--surfactant-controlled dispersions of water 
and polyol in lipophilic organic solvent--promote high con- 
centrations of diol and provide relatively fast rates of reaction 
and extents of regioselectivity (21-23). But, recovery of prod- 
uct is difficult due to the presence of surfactant, and yields 
are moderate (ca. 50-60%). A second method is the employ- 
ment of derivatized polyol, which is more soluble in 
lipophilic solvents. This increases reaction velocity. One de- 
rivitization method includes complexation with phenyl- 
boronic acid. This method has been applied in solubilizing 
glycerol to synthesize monoglycerides (11 ) and sugars to syn- 
thesize fatty acid ester biosurfactants (24) at high yields. A 
second derivitization procedure includes acid-catalyzed es- 
terification of polyol with isopropylidene (25,26). Both 
phenylboronic acid and isopropylidene are easily removed 
from the products once the reaction is completed. A third al- 
teration of reaction medium employs diol immobilized onto a 
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solid matrix (e.g., silica gel). The immobilized diol and lipase 
are then stirred in a lipophilic solvent-fatty acid solution. 
Berger et al. (27) found that this method accelerated esterifi- 
cation by a factor of ten. In this report, we synthesize les- 
querolic acid-diol esters via alcoholysis or direct esterifica- 
tion (Scheme 1). Immobilized lipase is magnetically stirred 
in diol-saturated ether containing lesquerella oil (or les- 
querolic acid). When the reaction reached a plateau, the 
medium was resaturated with diol to allow the reaction to pro- 
ceed. 

MATERIALS A N D  METHODS 

Lipozyme IM20 and IM60, R. miehei lipase immobilized onto 
anion exchange resin, were generous gifts from Novo 
Nordisk (Danbury, CT). ~,o)-Diols, purchased from Sigma 
(St. Louis, MO) or Aldrich (Milwaukee, WI), were of high 
purity (>95%) and stored over CaSO 4 to reduce water con- 
tent. l-Decanol (99% pure) was purchased from Sigma. Oleyl 
alcohol (technical grade, 85% pure) was purchased from 
Aldrich. All solvents used for conducting enzymatic reactions 
and for column-chromatographic purification were of high 
purity. Refined lesquerella oil was donated by K.D. Carlson 
of our the NCAUR. Lesquerolic acid (ca. 65-85% pure) was 
obtained via lipolysis of lesquerella oil (5). 3A molecular 
sieves were purchased from Sigma. Silica gel, 230--400 mesh, 
was from Aldrich. 

Enzyme reactions were conducted in 1-100 gram-size 
batch sizes under magnetic stirring or shaking to disperse 
Lipozyme. Stir rates were 150-200 rev rain -l unless other- 
wise stated. Reactions involving monohydric alcohols were 
conducted either in solventless mode at elevated temperatures 
(55-65~ or in isooctane at ambient temperature (22 + 1 ~ 
For the former case, the batch reactor was left open to air to 
allow evaporation of water. For the latter case, the reaction 
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medium was pretreated with molecular sieves to remove 
water. Reactions involving diols were conducted in ethyl 
ether. Before the reactions began, diol was added in saturat- 
ing (or in one case, oversaturating) amounts to the medium, 
then the medium was treated with molecular sieves. For sev- 
eral reactions, ester formation was briefly interrupted at one 
or two instances by temporarily removing Lipozyme. The re- 
maining solution was treated with molecular sieves and resat- 
urated with diol. Pentadecane or hexadecane was contained 
in several reaction solutions as internal standard. In several 
cases, Lipozyme used in the reactions was stored over CaSO 4 
to reduce its water content. 

Reactions were analyzed primarily by supercritical-fluid 
chromatography (SFC) with high purity carbon dioxide (Air 
Products, Tamaqua, PA) as carrier fluid in a model 600 chro- 
matograph from Dionex (Salt Lake City, UT). Nonpolar capil- 
lary columns (10 m x 50 ktm i.d.) of SB-Methyl-100 and SB- 
Phenyl-5 stationary phases (from Dionex) were employed. 
Pressure programming of the carrier fluid was used to sepa- 
rate peaks (28). The use of these nonpolar columns allows sep- 
aration based on molecular weight, but no separation based on 
degree of unsaturation (28). Separation of fatty acid (FA), 
monoglyceride (MG), diglyceride (DG), and esters based on 
degree of unsaturation and separation of partial glyceride po- 
sitional isomers was determined by gas chromatography on a 
methyl 65% phenyl silicone 25 m x 0.25 mm capillary column 
from Quadrex (New Haven, CT) (29). Lipozyme, recovered 
from the medium via filtration, was reusable. Removal of ether 
via evaporation, followed by centrifugation, allowed nearly 
complete separation of the insoluble diol from the ester prod- 
ucts/remaining substrates. Isolation of products at high purity 
was conducted by silica gel column chromatography with 
hexane/ethyl acetate at varying proportions as eluate. Frac- 
tions collected were analyzed by thin-layer chromatography 
and SFC. Trace amounts of solvent were removed from the re- 
suiting product in a vacuum oven. 

The density, p, of several materials was determined gravi- 
metrically. Melting points were determined in a standard cap- 
illary melting point apparatus. Kinematic viscosity, v, was 
measured in a temperature-controlled oil bath with Cannon- 
Fenske viscometers from Cannon Instruments (State College, 
PA). Viscometer constants were determined with lesquerella 
oil as standard. Density and viscosity values for lesquerella 
oil were taken from the data of Noureddini et al. (30,31). The 
viscosity index (VI) of lesquerolic acid and two wax esters 
was determined by a standard procedure (32), which required 
values of v at 40 and 100~ These values were estimated 
from viscosity measurements at alternate temperatures from 
the following equations 

In v =A+Bexp(T -l) [1] 

where T is the temperature in Kelvin, and A and B are con- 
stants. Correlation coefficients were >0.99. This relationship 
did not fit data for lesquerolic acid well. For this case, values 
of v at 40 and 100~ were estimated via extrapolation. 

RESULTS A N D  D I S C U S S I O N  

Synthesis of  lesquerolic acid wax esters. Synthesis of les- 
querolic acid oleyl ester was achieved via lipase-catalyzed al- 
coholysis of lesquerella oil and esterification of lesquerolic 
acid. The time course of reaction for alcoholysis and esterifi- 
cation are depicted in Figures 1 and 2, respectively. [Fatty al- 
cohols were present at a slight (10-50%) stoichiometric ex- 
cess for all reactions discussed here. Both reactions yielded 
high conversions of hydroxy acyl groups, over 94%. Ideally, 
alcoholysis would produce 66.7% (acyl group molar equiva- 
lents) of FA oleyl ester and 33.3% MG, the bulk of which 
would be unsaturated monooctadecanoates. However, for our 
case, the ester (nonhydroxy acid ester, X-E, plus hydroxy acid 
ester, H-E) content after 42 h was 81.2%, and the MG content 
never became more than 8%. In addition, the percentage of 
H-E among all FA esters, which should theoretically be 
higher than 80% (28), was only 64% after 42 h. These results 
reflect acyl migration, or the isomerization of 1,2- (2,3-) DG 
and 2-MG to 1,3-DG and 1-MG, respectively. Acyl groups 
present originally at the 2-position can then, as a result of acyl 
migration, be attacked by the 1,3-specific biocatalyst. Acyl 
migration also has been reported for Lipozyme-catalyzed hy- 
drolysis (5), glycerol-oleic acid esterification (33), and aci- 
dolysis (34). However, little or no acyl migration occurred for 
Lipozyme-catalyzed transesterification between triolein and 
ethyl palmitate, presumably because of the absence of partial 
glycerides and fatty acid, the latter of which promotes acyl 
migration (34). Other promoters of acyl migration are dis- 
cussed elsewhere (5,33,34). The presence of significant 
amounts of undesired X-E in the reaction end-product makes 
inclusion of a purification step necessary. Alcoholysis was 
also investigated in other solvents (ethyl ether and butyl 
ether) and with other fatty alcohols (1-octanol and 1-decanol). 
The time course of reaction for each alcohol and solvent type 
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FIG. 1. Oleyl alcoholysis of lesquerella oil catalyzed by Lipozyme-IM20 
(Novo Nordisk, Danbury, CT) at 42.8~ Equal weights of lesquerella 
oil and oleyl alcohol (1.20 mol oleyl alcohol per tool acyl group) were 
added to isooctane. The resulting solution (0.20 vol/vol oleyl alcohol, 
0.18 v/v lesquerella oil, and 0.62 vol/vol isooctane) was treated with 
molecular sieves. Lipozyme stored over CaSO 4 was added at a concen- 
tration of 0.21 g/mL (0.062 g/g substrates). (111) X-E, (A) H-E, (*) MG, (E3) 
DG, (X) TG. 
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FIG. 2. Lipozyme-IM20-catalyzed esterification of lesquerolic acid and 
oleyl alcohol at 60.0~ in the absence of solvent. Reaction mixture: 
1 7.6 g (.055 mol acyl groups) lesquerolic acid (82% pure), 20.2 g (.075 
mol) oleyl alcohol (technical grade), and 2.81 g Lipozyme stored over 
CaSO 4. (*) X-FA, (X) H-FA, (11) X-E, (A) H-E. See Figure 1 for company 
source. 

was quite similar to that displayed for oleyl alcoholysis in 
Figure 1. Alcoholysis would not occur in pyridine, even with 
large quantities (0.75 wt%) of water. This suggests that pyri- 
dine denatures lipase rather than stripping away its essential 
water layer. 

Esterification was attempted with an FA sample that con- 
tained 80 (mole) % hydroxy fatty acids (H-FA), the vast ma- 
jority of which was lesquerolic acid, 10% nonhydroxy fatty 
acids (X-FA), and the remainder MG and DG. Because water 
is a product of the reaction and its presence limits the extent 
of esterification, steps to remove it are essential. Employment 
of open-air reactors, operating at elevated temperature 
(60~ promotes low water content (35). However, water re- 
moval via molecular sieves was successful in accelerating the 
reaction rate, as indicated by the signifcant decrease of H-FA 
concentration after the treatment (Fig. 2). Mass balances and 
chromatographic analysis indicated that essentially all partial 
glycerides present initially were consumed by the reaction. 
The final product on an alcohol-free basis contains 80% H-E, 
which would be of a purity acceptable for industrial applica- 
tions. However, due to the excess of alcohol present initially, 
the final product contained ca. 0.7-0.8 moles of oleyl alcohol 
per mole of acyl group; thus, purification was necessary. 

Synthesis  o f  a, og-diol-lesquerolic acid esters. The time 
course of lipase-catalyzed 1,8-octanediolysis of 10% les- 
querella oil (Scheme 1) in ethyl ether (22~ is depicted in 
Figure 3. Ether was chosen as solvent because of its ability to 
solubilize diol; moreover, more nonpolar solvents, such as 
hexane and isooctane, solubilize diols poorly. In addition, due 
to its volatility and low boiling point, ether is easily removed 
from the medium upon completion of the reaction. As men- 
tioned above, more polar solvents, such as pyridine, which 
better solubilize diol but denatured Lipozyme, were not used. 
The reaction initially contained diol at saturating quantities, 
which was only 0.097 moles per mole of acyl group (Fig. 3). 
The reaction reached a plateau (33.5% esterification) between 
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FIG. 3. 1,8-Octanediolysis of lesquerella oil catalyzed by Lipozyme- 
IM60 at 22~ in ethyl ether. Reaction medium initially: 5 mL 10% (vol) 
lesquerella oil in ethyl ether that contained saturating amounts of diot 
and 0.1 g untreated Lipozyme. The solution was treated with molecular 
sieves before addition of Lipozyme. At 24.2 h, the solution was momen- 
tarily removed from Lipozyme, resaturated with diol, and treated with 
molecular sieves. (V) TG, (11) ME, (V) DE, (X) diol (secondary y-axis). 
See Figure 1 for company source. 

10 and 20 h, presumably due to depletion of diol (Fig. 3). At 
this plateau, the ratio of diester (DE) to monoester (ME) was 
greater than 10:1. This is due to the relative abundance of ME 
as acyl acceptor compared to diol in the initial stages of the 
reaction (Scheme 1). At 24.1 h, the medium was resaturated 
with diol and treated with molecular sieves. The amount of 
diol contained in the medium then rose more than seven-fold 
compared to its initial amount (Fig. 3 and Table 1). This prob- 
ably occurred because of the depletion of TG and formation 
of esters and partial glycerides, which together increase the 
polarity of the medium, hence enhancing the diol solubility. 
Moreover, the ratio of diol to ME increased, which promoted 
the formation of ME over DE (Fig. 3). The reaction was 
stopped at ca. 70 h, with 96.0% of C20-hydroxy acyl groups 
esterified. 

Reduction of medium water content is quite important for 
this reaction, as it was for lesquerolic acid wax ester forma- 
tion (see above). Alcoholysis of lesquerella oil by 1,6-hexa- 
nediol and 1,10-decanediol was conducted under identical 
conditions to those used for 1,8-octanediolysis (Fig. 3). The 
results for all three reactions are contained in Table 1. These 
results show that a significant amount of free fatty acids 
(FFA) is present at 24.1 h, the time by which the first plateau 
was reached. This indicates the occurrence of the hydrolysis 
side-reaction. However, after treatment with molecular sieves 
(24.1 h), the FA content for all three reactions was signifi- 
cantly lessened (Table 1). When water was added to the 
medium, the diol concentration at saturation increased. For 
example, when 3.2% (vol) water was added to ether contain- 
ing 0-10% lesquerolic acid, the saturating diol concentration 
rose by a factor greater than eight (data not shown). However, 
when 0.25% water was added, the increase in diol solubiliza- 
tion was slight (data not shown). In addition, when the reac- 
tion of Figure 3 was performed in the presence of 0.25% 
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TABLE 1 
Results from Lipozyme IM60-Catalyzed Alcoholysis of Lesquerella Oil with c(,o~-Diols a 

1389 

C 6 Diol b C 6 Diol c C 8 Diol b C 8 Diol c C10 Diol b C10 Diol c C 8 Diol c'd 
24.1 h 69.8 h 24.1 h 69.8 h 24.1 h 69.8 h 31.3 h 

FFA, %e 2.9 0.0 3.7 0.1 4.8 
MG, %e 9.7 17.0 6.1 14.8 5.5 
DG, %e 34.1 14.5 32.3 7.5 32.3 
TG, %e 13.6 11,5 23.4 0.7 28.2 
ME, %e 5.8 37,1 2.9 49.1 1.5 
DE, %e 33.9 19.9 31.6 27.9 27.6 
Diol initially, mol/mol 9.74 5.01 4.1 
acyl group * 100 

Diol, mol/mol 0.0 72.1 0.2 26.1 0.0 
acyl group * I00 f 

Diol, mol/mol 79.6 47.2 17.0 
acyl group * 100 g 

H-ME/ME 71.8 78.2 65.7 73.0 83.8 
DE(18,L)/DE 33.2 32.0 35.3 37.4 26.6 
DE(L,L)/DE 64.4 66.9 60.3 56.4 63.5 
% Esterification 53.6 77.1 44.9 96.0 38.0 

hydroxy acyl group 

2.1 0.0 
10.4 15.7 
13.8 13.0 
2.3 7.4 

20.2 45.4 
51.2 18.5 

22.2 

1.8 

33.5 

63.6 78.2 
41.1 26.9 
50.5 70.8 
83.4 86.7 

aReaction conducted under conditions listed in Figure 3 (medium saturated with diol initially) unless otherwise indicated. 
Lipozyme IM60 from Noro Nordisk (Danbury, CT). 
bReaction stopped (plateau in reaction reached). Medium treated with molecular sieves and resaturated with diol. 
CFinal concentrations (at or near equilibrium). 
C/Conditions listed in Figure 4. Medium oversaturated with diol. 
~Acyl group molar equivalents. FFA, free fatty acid; MG, monoglyceride; DG, diglyceride; TG, triglyceride; ME, mo- 
noester; DE, diester. 
fBefore resaturation. 
gAfter resaturation. 

added water, over 9% of the acyl groups were hydrolyzed 
(data not shown). 

The effect of diol chainlength was significant in two areas. 
First, diols of longer chainlength are solubilized to a lesser 
extent. This increased the ratio of DE to ME produced (Table 
1). Second, the water present in the medium that contains 
long-chain diols must be more difficult to remove than that in 
medium containing short-chain diol. Moreover, the FFA con- 
tent in the decanediol medium (resulting from hydrolysis) is 
higher than that in the hexanediol or octanediol-containing 
medium (Table 2). The presence of water and carboxylic acid 
generally increased the extent of acyl migration for reactions 
occurring in organic solvents or in solventless mode (see 
above). Indeed, a larger extent of acyl migration is observed 
for the decanediol reaction, as evidenced by smaller MG con- 
tent and smaller percentages of 20-hydroxy moieties in the 
ME and DE (Table 2). 

Figure 4 displays octanediolysis of lesquerella oil under 
the same conditions used previously (Fig. 3), except the diol 
concentration here was above saturation, i.e., solid diol was 
also present in the medium. When comparing this reaction 
(Fig. 4) with one where no insoluble diol is present (Fig. 3), 
the initial rate of the former (39.8 ~tmol TG/h) is much slower 
than the latter (159 I.tmoles TG/h). However, diol concentra- 
tion in solution increases as the reaction procedes, then 
reaches a plateau at ca. 0.33 moles per mole acyl group (Fig. 
4). Because of the large concentration of diol present at all 
times, the ratio of ME to DE is always high (Table 1). In ad- 

dition, this reaction was less susceptible to acyl migration 
than that of Figure 3, as indicated by the higher percentages 
of lesquerolic acyl groups in ME and DE. Perhaps the sus- 
pended diol, which we discovered, was quite hygroscopic 
(Karl Fischer titration data), and may have adsorbed the small 
quantities of water present in the medium, which would re- 
duce acyl migration (see above). In conclusion, it would be 
desirable to operate reactions employing diols under condi- 
tions where diol concentrations were at, but not above, satu- 
ration. Berger et al. (27) conducted Lipozyme-catalyzed al- 
coholysis successfully by suspending silica gel that contained 
diol. This technique was successful because the organic sol- 
vent remained saturated, but did not become oversaturated, 
with diol. 

One could control the relative amount of ME to DE by ad- 
justing the ratio of diol to acyl group in the medium (27). For 
example, to produce DE, the reaction was stopped at an inter- 
mediate point in the reaction, and diol was removed by evap- 
oration of ethyl ether, followed by centrifugation. The super- 
natant, containing only minute amounts of diol, was then re- 
acted in a lipophilic organic solvent or in solventless mode to 
rapidly produce DE (data not shown). 

Figure 5 depicts the formation of C20-hydroxy acid-l,8- 
octanediol esters via Lipozyme-catalyzed esterification in 
ethyl ether (Scheme 1). The lesquerolic acid substrate con- 
tained ca. 64.8% (acyl group molar equivalents) C20-H-FA, 
24.3% X-FA, and the remainder MG, DG, and TG. The fig- 
ure demonstrates that the initial (medium-saturated) diol con- 
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TABLE 2 
Physical Properties: Density (p) and Melting Point (Tmelt) of Hydroxy Acid Esters 

p, g/mL Tmelt 
Material Source/method a Purity b (25~ (~ 

Ricinoleic acid c 
d Ricinoleic acid decyl ester 

Monoricinolein c 
Ricinoleic acid-decanediol Esterification f 81.1 g 

monoester 
Lesquerolic acid Hydrolysis h 84.5 (90.5) 
Lesquerolic acid decyl ester Alcoholysis i 86.1 (92.1) 
Lesquerolic acid oleyl ester Esterification i 83.6 (98.7) 
Monolesquerolin EsterificationJ 91.9 (98.6) k 
Dilesquerolin EsterificationJ (66.1)1 
Diglyceride (one C 18 and one By-product m 93.8 

lesquerolic acyl group) 
Lesquerolic acid~:lecanediol Alcoholysis ( 71.9 n 

Monoester 

0.945 5.5-7.7 
0.880 2.0 
0.985 20 e 

9.5-11.5 

0.93 17.0-17.8 
0.88 12.5 
0.86 10.0-11.0 

44.0-45.2 
22.0-24.5 
(-2) - (+1) 

26.0-26.5 

aExcept where indicated, all products synthesized from reactions catalyzed by Lipozyme (Novo Nordisk, Danbury, CT). 
See Table 1 for abbreviations. 
/~Numbers in parentheses are the purities of C20-hydroxy (lesquerolic plus auricolic) esters. 
CFrom product data, CasChem Co (Bayonne, NJ). 
dFrom Reference 6. 
epour point. 
fReactions performed in ethyl ether at 22~ 
glmpurities present: ricinoleic acid monoestolide decanediol monoester at 8.9% and free monoestolide at 7.7%. Mo- 

noestolide was present as an impurity in the ricinoleic acid substrate. 
hMajor impurities were C20-hydroxy FA (15.5%) and ricinoleic acid~lecanediol monoester (3.9%). 
iSolventless, 55-65~ 
JBoth monolesquerolin and dilesquerolin produced from the same reaction (solventless, 60~ a high rate of magnetic 
stirring (200 rev min-1) was needed to improve mass transfer between immiscible glycerol and lesquerolic acid phases 
and Lipozyme. 
kof the 20-hydroxy MG, 81.6% was 1 -(3-)monolesquerolin, 11.6% 2-monolesquerolin, and 6.8% 1 -(3-)monoauricolin. 
/Major impurities were C20-hydroxy fatty acids (FA) (24.8%), other DG (5.3%), and trilesquerolin (2.0%). 
rnProduced from alcoholysis reaction that yielded lesquerolic acid decyl ester as major product. 
nMajor impurities were C20-hydroxy FA (15.5%) and ricinoleic acid~:lecanediol monoester (3.9%). 

cen t ra t ion  is m u c h  h igher  than for the a lcoholys i s  react ion.  
This  is most  p robably  due to the lesquerol ic  ac id -con ta in ing  
m e d i u m  be ing  more  polar. At  4.73 h, diol  subst ra te  was de- 
pleted, the product ion of  M E  reached a m a x i m u m  and began  

to decrease, while the level of  DE increased. At this point,  the 
med ium was resaturated with diol and treated with molecular  
sieves, in s imi lar  fashion to that per formed dur ing  a lcoholy-  
sis. The new concentrat ion of  diol is slightly less than that ob- 
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FIG. 4. 1,8-Octanediolysis of ]esquerella oil catalyzed by Lipozyme- 
IM60 at 22~ in ethyl ether at a diol concentration greater than satura- 
tion. Symbols, conditions as in Figure 3, except a larger amount of diol 
(0.29 g, i.e., 4.0 moles of diol per mole acyl group) is present initially. 
See Figure 1 for company source. 
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FIG. 5. Lipozyme-IM60-catalyzed esterification of 1,8-octanediol and 
lesquerolic acid at 22~ in ethyl ether. Formulation of medium as in 
Figure 3, with lesquerolic acid replacing lesquerella oil. At 4.73 h, the 
solution was momentari ly removed from Lipozyme, resaturated with 
diol, and treated with molecular sieves. (V) H-FA, ( I )  H-ME, ( I ' )  
DE(H,H), (&) DE(X,H), (X) diol (secondary y-axis). See Figure 1 for com- 
pany source. 

JAOCS, Vol. 73, no. 11 (1996) 



LIPASE-CATALYZED SYNTHESIS OF LESQUEROLIC ACID WAX 1391 

tained originally, indicating that the medium becomes less 
polar upon esterification. The replenishment of diol led to fur- 
ther production of ME, while the DE amount remained con- 
stant. The experiments contained in Figures 3 (alcoholysis) 
and 5 (esterification) are comparable, i.e., both employ iden- 
tical initial concentrations of acyl groups and enzyme activ- 
ity. The initial rate of esterification is slower than that for al- 
coholysis (cf. Fig. 5 vs. Fig. 3). The overall conversion of acyl 
groups here is high, over 92%. Perhaps a second treatment 
with molecular sieves would provide further esterification. 
Most of the partial glycerides present initially have been con- 
verted to ester (Table 3). 

Table 3 demonstrates the percentage of C20-hydroxy mo- 
noesters (H-ME) among ME and DE contain one and two hy- 
droxy acyl groups [DE(H,H) and DE(H,X)], respectively, 
among DE(H,H) are 69.5, 41.6, and 50.2%, respectively. 
Moreover, the percentage of hydroxy acyl groups in [DE(H,H) 
72.7%] is nearly identical to the percentage of hydroxy acyl 
groups in ME and the percentage of H-FA among free acids. 
The compositions of ME and DE are comparable to those ob- 
tained via 1,8-octanediolysis of lesquerella oil (Table 1). 

Properties and potential applications for lesquerolic acid 
esters. Lesquerolic acid esters were produced via Lipozyme- 
catalyzed reactions on a preperative scale and purified by sil- 
ica gel column chromatography. The melting point, Tmelt , and 
density, p, for several lesquerolic acid esters are included in 
Table 2. Properties of ricinoleic acid esters are also included 
for reference. The substitution of lesquerolic for ricinoleic 
acyl groups (i.e., the addition of a -CH 2 group to the tail of 
the ricinoleic acyl group) raises the melting point of the free 
acid and esters but does not significantly affect the values of 
density (Table 2). Esterification with fatty alcohols signifi- 
cantly lowers the melting point and density of hydroxy acids, 
and esterification with diol (forming monoester) slightly 
raises the melting point (Table 2). 

TABLE 3 
Results from Lipozyme IM60-Catalyzed Esterification 
of 1,8-Octanediol and Lesquerolic Acid a 

Material 0.00 h 1.88 h 4.73 h b 23.48 h 

FA, %c 89.2 70.2 26.6 6.4 
ME, %c 0.0 24.2 29.2 47.2 
DE, %c 0.0 1.8 41.3 45.9 
MG + DG + TG, %c 10.8 3.7 2.9 0.5 
Diol, mol/mol acyl 

group * 100 36.9 21.9 33.0 d 13.6 
H-FA/FA 72.7 70.2 70.5 66.9 
H-ME/ME 57.9 68.3 69.5 
DE/(X,H)/DE 38.1 41.6 41.6 
DE(H,H)/DE 36.0 51.1 50.2 
% Esterification hydroxy 

acyl group e 0.0 20.6 68.2 89.9 

aConditions listed in Figure 5. Company source and abbreviations as in Ta- 
bles 1 and 2. 
bMedium resaturated with diol and treated with molecular sieves. 
Cpercentages of acyl group molar equivalents. 
dAfter resaturation. 
elncludes hydroxy acyl groups initially present in MG + DG + TG. 

TABLE 4 
Values of Kinematic Viscosity (v) and Viscosity Index (VI) 
for Lesquerolic Acid and Its Wax Esters 

Material a 
v (25.3~ v (41.3~ v (5.80~ v (97.5~ 

cSt cSt cSt cSt Vl 

Lesquerolic acid 278.7 93.1 b 46.9 12.4 77 
Lesquerolic acid 54,8 30.8 18.8 5.9 116 
decyl ester 

Lesquerolic acid 65.0 32.6 18.9 8.0 162 
oleyl ester 

aPurities and methods of derivation listed in Table 2. 
~42.9~ 

Values of kinematic viscosity, v, for lesquerolic acid and 
two of its wax esters are included in Table 4. The dynamic 
viscosity of lesquerolic acid, It, equal to p multiplied by v, is 
258.0 cp at 25~ which is a factor of 10 larger than viscosi- 
ties for nonhydroxy fatty acids, such as oleic acid (31). Ester- 
ification of lesquerolic acid significantly lowers viscosity. VI, 
is a measure of the resistance of a material's viscosity to tem- 
perature. It is desirable that a material have a viscosity that 
changes little with temperature; i.e., a good lubricant will 
have a VI above 150 (35). Thus, lesquerolic acid oleyl ester 
may be a good candidate as a lubricant or lubricant additive 
(Table 4). On the positive side, iesquerolic acid oleyl ester as 
a lubricant additive would be biodegradable (36); however, 
its high melting point (10-11 ~ would be a disadvantage. 
Hydrogenation of the ester would significantly lower the 
melting point. 

Monoricinolein is employed as a plasticizer, wetting agent, 
and a mold-release agent. But monoricinolein must be hydro- 
genated, producing mono-12-hydroxystearate, to be used as 
an emulsifier or firming agent in cosmetic products, such as 
lipstick and hair preparations (product information from 
CasChem, Bayonne, NJ). This is because monoricinolein is a 
liquid at room temperature, while mono-12-hydroxystearate 
is a solid up to 69~ Perhaps monolesquerolin, a waxy mate- 
rial that melts at 44-45~ can fulfill many of these needs. In 
addition, due to its longer chainlength, monolesquerolin will 
be more hydrophobic than monoricinolein, which may be an 
advantage. Lesquerolic acid MG and DG and diol ME are 
multi-hydroxy compounds that may have use as surface-ac- 
tive or wetting agents. Their properties require further evalu- 
ation. Ricinoleic acid wax esters, such as palmityl ricinoleate 
or octyl 12-hydroxystearate, are employed in various skin 
care products. Perhaps homologous lesquerolic acid wax es- 
ters may provide suitable substitutes. Sulfonation of les- 
querolic acid wax esters may produce useful surfactants, as 
suggested previously (6). Investigation of new lesquerolic 
acid esters, derivatives thereof, and their properties and ap- 
plications will continue in our laboratory. 
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