
ABSTRACT: A novel hydroxylated primary fatty amide was pro-
duced from lesquerolic acid by direct amidation with ammonia
catalyzed by immobilized Pseudozyma (Candida) antarctica li-
pase B (Novozym 435) in organic solvent. The amides of rici-
noleic acid and oleic acid were also produced for comparison.
The hydroxy FA were transformed at comparable rates to that of
oleic acid. The rate of amide formation was greater for the longer-
chain lesquerolic acid than for ricinoleic acid. All products ex-
hibited characteristic primary-amide mass spectrum peaks with a
base peak at m/z 59 and a strong ion fragment at m/z 72. Other
peaks present are consistent with cleavage on either side of the
hydroxyl position. The mass spectra, together with 1H and 13C
NMR data, suggest that the products of lipase-catalyzed direct
amidation of ricinoleic acid and lesquerolic acid are 12-hydroxy-
9(Z)-octadecenamide and 14-hydroxy-11(Z)-eicosenamide, re-
spectively.
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Hydroxy FA have a number of industrial applications and are
useful as chemical intermediates in synthesis reactions (1–3).
Hydroxy FA derived from plants include ricinoleic acid [12-
hydroxy-9(Z)-octadecenoic acid] (RA), the primary feedstock
for the production of nylon-11 (4), and lesquerolic acid [14-hy-
droxy-11(Z)-eicosenoic acid] (LQA). Fatty amides are used in
a wide variety of industrial and commercial applications (4).
Primary unsubstituted fatty amides, such as oleamide and eru-
camide, are used as slip and anti-blocking agents in plastics
processing (5). Production of hydroxylated primary amides
may result in compounds with useful property differences, such
as variations in m.p. or solubility. Also, the hydroxyl group
could be subjected to additional chemical reactions to change
the functionality of the compounds. Industrial preparation of
primary amides is energy intensive (4), and so enzymatic syn-
thesis has been investigated as a possibly less costly means of
production. 

The primary method for enzyme-catalyzed synthesis of fatty
amides is the use of lipase (EC 3.1.1.3) in organic solvent. In
early studies, secondary amides were produced by reacting FA
esters or TG with alkylamines (6,7). Work then progressed

through the lipase-catalyzed ammoniolysis of FA esters with
ammonia for the production of primary fatty amides (8–13) to
the direct amidation of FA with ammonia (14). 

Here we report on the characterization of ricinoleamide and
a novel hydroxylated primary fatty amide, lesquerolamide, pro-
duced by the lipase-catalyzed direct amidation of the corre-
sponding FA. 

MATERIALS AND METHODS

Oleic acid [9(Z)-octadecenoic acid] (OA) and RA were from
Nu-Chek-Prep, Inc. (Elysian, MN). LQA was produced in the
laboratory from Lesquerella fendleri oil by basic saponifica-
tion. Immobilized Candida antarctica lipase B (Novozym 435;
a product of Novozymes A/S, Bagsvaerd, Denmark), 2-methyl-
2-butanol (tert-amyl alcohol, TAA), and ammonium carbamate
were purchased from Sigma-Aldrich (St. Louis, MO). All other
chemicals were used without further purification. 

Amidation reactions consisted of 15 mL of TAA containing
100 mM FA, 100 mM ammonium carbamate, and 150 mg (10
mg/mL) immobilized enzyme. Reaction mixtures were equili-
brated overnight at 25, 35, 45, and 55°C prior to the addition of
enzyme to start the reaction. Reactions were performed in trip-
licate in septum-sealed 16 × 125 mm screw-capped test tubes.
Mixing was by a Labquake test-tube rotator (Barnstead Intl.,
Dubuque, IA). Samples were taken through the septa by sy-
ringe. Reactions were stopped by removal of the immobilized
enzyme by filtration. For enzyme recycle reactions, the cata-
lyst was rinsed with ethyl acetate and allowed to dry prior to
addition to new, equilibrated, reaction mixtures.

OA, RA, and LQA transformation was determined by GC
with an HP-5MS capillary column (30 m × 0.25 mm × 0.25 µm
film thickness) and FID detector. FA were converted to methyl
esters with diazomethane prior to analysis. Analytical condi-
tions were as follows: injector, 200°C; detector, 290°C; initial
oven temperature, 200°C for 1 min, ramping to 270°C at
10°C/min, and holding for 10 min. 

The reaction solvent was removed from the filtered reaction
mixture by vacuum evaporation, and the products were puri-
fied by crystallization. The purified RA and LQA products, not
subjected to diazomethane treatment, were analyzed by elec-
tron impact GC–MS at 70 eV under similar conditions to those
described above. 

Proton, carbon, distortionless enhancement by polarization
transfer, homonuclear correlation spectroscopy, and heteronu-
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clear single-quantum coherence NMR spectra were obtained
with a Bruker Avance 500 spectrometer (Billerica, MA)
equipped with a 5-mm broadband inverse probe (13C NMR, 125
MHz; 1H NMR, 500 MHz). The solvent was deuterated chloro-
form, which served as the internal standard.

1H NMR of proposed lesquerolamide [14-hydroxy-11(Z)-
eicosenamide] showed the following resonance signals:
olefinic protons –CH=CH– at 5.58 (1H, m) and 5.44 (1H, m); a
hydroxyl proton at 3.63 (1H, m); protons α to carbonyl and ad-
jacent to –C–O– at 2.23 (4H, t, J = 7.6 Hz); protons β to car-
bonyl at 1.65 (2H, m); methylene groups –CH2– adjacent to
–CH=CH– at 2.07 (2H, m), adjacent to –C–OH at 1.49 (2H, m),
and the others at 1.30–1.40 (20H, m); and a terminal –CH3 at
0.91 ppm (3H, t, J = 6.7 Hz). The 13C NMR spectra indicated a
total of 20 carbons and confirmed the presence of –C=O at C1
(175.7 ppm); one –C–OH at 71.5 (C14); two olefinic carbons
–CH=CH– at 133.3 and 125.3 for C11 and C12, respectively; 15
–CH2–, ranging from 22.6 to 36.9 ppm (C2–10,13,15–19); and one
–CH3 at 14.1 ppm (C20). The double bond was determined to
be a cis configuration because of the 13C NMR chemical shift
at C10 of 27.3 ppm (15). NMR analysis revealed that resonance
signals and assignments for the proposed ricinoleamide (data
not shown) were comparably identical to those of lesquero-
lamide except for the latter having two additional methylene
groups.

RESULTS AND DISCUSSION

Ester ammoniolysis and the direct amidation of FA with am-
monia catalyzed by Pseudozyma (Candida) antarctica lipase B
(CALB, also know as Novozym 435 when immobilized) have
been carried out in a number of solvents (11,12,14). For the di-
rect amidation of OA to oleamide, Slotema et al. (16) deter-
mined that TAA provided the best combination of initial reac-
tion rate and equilibrium conversion of four solvents tested.
Addition of ammonia in the solid form (ammonium carbamate

or ammonium bicarbonate) may avoid high concentrations of
ammonia and the possible precipitation of FA ammonia salts,
which can reduce the initial reaction rate (14). Ammonium car-
bamate is preferred as an ammonia source (over ammonia bi-
carbonate) because it does not form water as it dissolves, and
an increase in the initial water concentration of the reaction mix
results in lower equilibrium transformation and initial reaction
rates (16). Given these results, we selected TAA as solvent and
ammonium carbamate as ammonia source for our work. 

Transformation reactions were performed at 25, 35, 45, and
55°C. The ammonia/FA molar ratio for these experiments was
2:1 (100 mM ammonium carbamate giving 200 mM ammo-
nia). This concentration of ammonium carbamate was com-
pletely soluble in TAA at 55°C, but not at the lower tempera-
tures. Transformations were monitored as the utilization of the
FA substrate and expressed as the percentage of substrate re-
moved from the reaction. For each substrate there was only one
product peak evident on GC chromatograms, and it was as-
sumed that all substrate used was transformed into the amide
products. Figure 1 shows the transformation of RA and LQA
at 25 and 55°C. Apparently, CALB acted on the longer-chain
LQA more rapidly than RA for direct amidation. The reason
for the reaction preference is not known. RA required 7 d to
approach completion at 25°C, whereas LQA transformation
approached completion at 3 d at this temperature. At 55°C, the
transformation of both substrates approached completion
within 24 h. OA transformation was similar to RA. Under these
conditions, the end point transformation (at 7 d and 55°C) of
LQA and RA was 95.2 and 95.3%, respectively.

The stability of the activity of the biocatalyst in multiple con-
secutive reactions was tested by recycling the enzyme to new re-
action mixtures with LQA as substrate. A series of five reactions
was performed with enzyme recycle at 3- or 4-d intervals. There
was no loss of activity seen at 24 h, with all reactions transform-
ing better than 95% of the substrate at this time. Given that at
55°C the substrates are soluble at the concentrations used and
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FIG. 1. FA transformation at 25 (nn, uu) and 55°C (n, u). Lesquerolic acid [14-hydroxy-11(Z)-
eicosenoic acid], (nn, n); ricinoleic acid [12-hydroxy-9(Z)-octadecenoic acid] (uu,u). Data
points are the average of three replicates ± 1 SD. 
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that no other reactants are required, the batch scale-up of this sys-
tem for industrial production seems feasible if adequate mixing
is provided. The ability to recycle the biocatalyst to new reac-
tions would be an important economic consideration.

Purified products from the OA, RA, and LQA reactions were
analyzed by GC–MS. Authentic oleamide (Sigma-Aldrich) and
the OA reaction product were both identified by a mass spectral
library (17) as 9(Z)-octadecenamide (oleamide). The spectrum
of the LQA product (Fig. 2) shows strong characteristic amide
peaks at m/z 59 and 72, resulting from McLafferty rearrangement
and γ-cleavage, respectively (18). The putative molecular ion is
not present (lesquerolamide, FW 325.5); however, there is a sig-
nal at (M − 18)+. Peaks indicating the position of the hydroxyl
group occur at m/z 211 and 240. These fragments are likely the
result of cleavage on either side of an oxygen radical (19). The
spectrum of the RA product (not shown) was similar to that of
the LQA product, showing the characteristic amide peaks, an (M
− 18)+ signal at m/z 279, and peaks at m/z 183 and 212 indicat-
ing the position of the hydroxyl group. The NMR data supported
the analysis of the chemical structures suggested by the mass
spectra; therefore, the new compound derived from LQA was
14-hydroxy-11(Z)-eicosenamide.
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FIG. 2. Mass spectrum of lesquerolic acid transformation product. 
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