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N-Acyl amino acids are very important industrial surfactants, being gentle on the skin and completely bio-

degradable. The synthetic routes described in the literature involve the use of highly reactive acid chlor-

Received 11th December 2025,
Accepted 22nd January 2026

DOI: 10.1039/d50b01932j

rsc.li/obc

Introduction

N-Acyl amino acids (NAAAs) are a class of mild amino acid-
based surfactants obtained from renewable natural sources.
Their structure consists of an acyl group with a long aliphatic
chain directly attached via an amide bond to the nitrogen of
an amino acid (Scheme 1).

Due to their excellent cleansing properties,’ biodegradabil-
ity> and low toxicity,” N-acyl amino acids are widely used as the
main ingredients or additives in valuable personal care pro-
ducts such as shampoos, shower gels, hand soaps, etc.

There are several synthetic routes for the synthesis of the
desired product from fatty acids or fatty acid esters, which may
in turn be derived from triglycerides (Scheme 2).

Direct condensation of fatty acids with amino acids may be
achieved at high temperatures, typically at 150-200 °C. However,
this method is characterized by low atom economy due to the
use of an excess of fatty acids relative to amino acids (1.5-4 eq.)
in order to shift an unfavourable equilibrium.® Moreover, the
use of high temperatures typically leads to coloured products,
especially if unsaturated fatty acids are used.

To form an amide bond under milder conditions, the car-
boxyl group of the fatty acid must be converted into a good
leaving group to allow attack by the amino group. Schotten-
Baumann acylation of amino acids with acyl chlorides® is the
most used industrial method for the synthesis of N-acyl amino
acids. The reaction takes place at low temperature in aqueous
solution. However, the synthesis and use of acid chlorides are
poorly sustainable, due to the toxicity of chlorine chemistry.®
Additionally, this method produces a side-product - sodium
chloride, the presence of which is unfavorable in personal care
products and worsens the properties of surfactants.””®
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ides or harsh reaction conditions. Following the latest trends in sustainable chemistry, in this work we
developed an efficient, chemoselective, and environmentally friendly method for their synthesis, which
involves the use of non-toxic enzymes as catalysts. Determining the most suitable starting materials and
reaction conditions made it possible to achieve 97% product formation under mild reaction conditions.

Catalytic amidation is a direct condensation reaction
between fatty acid esters and amino acids; it occurs at high
temperatures (70-150 °C) in the presence of a catalyst.>'® The
disadvantages of this reaction are the long reaction times and
the stoichiometric use of a base to deprotonate the amino acid.

Since enzyme catalysed reactions usually proceed under
mild conditions with high efficiency, selectivity, and atom
economy, we decided to look for a way to synthesize N-acyl
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Scheme 1 Molecular structure of N-acyl amino acids.
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Scheme 2 Synthetic routes for the formation of N-acyl amino acids: (a)
direct condensation of fatty acids at high temperature; (b) Schotten—
Baumann aminolysis of acid chlorides; (c) catalytic amidation of fatty
acid esters.
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amino acids using biocatalysts. There are few reports dealing
with the enzymatic condensation of carboxylic acids or esters
with amino acids in water, and the main problem is the low
conversion, due to an unfavourable equilibrium, and/or the
use of ATP as a stoichiometric cofactor.'*** On the other
hand, the reaction of esters with amino acid esters or primary
amides'* seemed more promising. However, the latter method
may be troublesome due to the difficult hydrolysis of the
primary amide in order to obtain the final carboxylic acid.
Thus, we opted to focus on the enzyme-catalysed reaction of
fatty acid esters with amino acid esters.

Thus, our plan is summarized in Scheme 3. Our idea was to
use fatty acid esters and amino acid esters as starting reactants
for the enzymatic synthesis of N-acyl amino acid esters in an
organic solvent, followed by enzymatic or chemical hydrolysis
of the resulting N-acyl amino acid ester.

The enzyme-catalysed reaction of esters with primary
amines to synthesize secondary amides is definitely well
known, but it has been mainly explored with the aim of achiev-
ing enantioselective kinetic resolutions.'>'® Contrary to these
literature examples, the main problem in our case is that the
employed amines also possess an ester moiety which too can
be reactive under the amidation conditions.

Results and discussion

The activity of enzymes is highly dependent on the solvent in
which the reaction is carried out.’”*® Therefore, at the begin-
ning of this study, the effect of different types of solvents on
the reaction efficiency was investigated, by studying the reac-
tion between ethyl laurate and benzylamine, a monofunctiona-
lized amine (Scheme 4). We tested lipophilic and lipophobic
organic solvents with different polarities: ethers (diisopropyl
ether (DIPE), tetramethyl tetrahydrofuran (TM-THF), tetra-
hydrofuran), alcohols (isopropanol, trifluoroethanol, tertiary
butanol, methanol), hydrocarbons (heptane), nitriles (aceto-
nitrile), and ketones (cyrene). We chose the commercial
enzyme Novozym 435 (lipase from thermostable Candida
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Scheme 4 Enzymatic reaction between ethyl laurate and benzylamine
using various solvents.

Antarctica) as a biocatalyst because it is the most widely used
enzyme in amide bond formation reactions.***"

Details are reported in the SI, but the highest conversions
were obtained using tertiary butanol (75%), acetonitrile (84%),
diisopropyl ether (DIPE) (88%) and tetramethyl-THF (TM-THF)
(95%).

Next, we used the most suitable solvents in the reaction
between ethyl laurate and glycine ethyl ester (Gly-OEt) hydro-
chloride. Since pure amino acid esters are not stable during
storage and tend to polymerize, we chose to generate them in situ
by addition of a base. Initially, 1 eq. of triethylamine was used.

As shown in Table 1, when using Novozym 435, the reac-
tions were definitely slower than the model reaction with
BnNH,, and here DIPE and TM-THF were inefficient (entries 1
and 2). The best results were achieved using tertiary butanol
(35% conversion) and acetonitrile (32% conversion). However,
the desired product 3a was accompanied by significant
amounts of by-product 4a (entries 3 and 4).

The most likely mechanism for the formation of the by-
product 4a involves the formation of the N-acyl amino acid ester
molecule 3a, followed by a reaction with another amino acid ester
molecule (Scheme 5). Alternatively, glycine ester could first dimer-
ize to 5. This seems less probable, since neither compound 5 nor
diketopiperazine 6 was observed in the crude product.

Moreover, we could not detect larger by-products (trimers,
etc.), showing that dipeptide ester 5, if present, does not react
with 3a. Anyway, it is clear that Novozym 435 is highly active,
but poorly chemoselective.

The next step in this study was to identify a more selective
enzyme. We preferred to use MeCN instead of tBuOH in this
first optimization, because we noticed that the efficiency of the
reaction in ¢tBuOH strongly depends on the dryness of this
solvent. In coupling reactions between fatty acid esters and
amino acid esters, we decided to focus our attention on
lipases, as they are the most widely used enzymes in the for-
mation of amide bonds, and exhibit high stability and
efficiency in non-aqueous organic solvents.>*

To identify selective enzyme in the synthesis of N-acyl
amino acid esters, lipases of various origins were used: animal
origin (porcine pancreas), plant origin (papain), fungi (Amano
A-6, AYS Amano, AS Amano, M Amano, Lipozyme RM IM,
Lipozyme TL IM, enzymes from Candida -cylindracea,
Aspergillus niger, Penicillium roqueforti), bacteria (PS Amano,
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Table 1 Screening for the best conditions for chemoselective amidation of fatty acid esters with glycine esters?

0 OR? Base i i F O
J\ + HCI . HZN/\H/ R NWORT) + R NWN%ORS
R' TOR? o Enzyme H & H 5

1aR'= CyyHys R2 = Et 2aR3= Et Solent 3aR'=CyyHys R3 = Et 4aR"=CyqHyps R3 = Et

1b R" = Cy4Hy3 R? = Me 2b R3= Me 3bR"=CyHy R® = Me 4b R = Cy{Hy; R = Me

1c R" = Cy5H31 R2=Me 3¢ R'=Cy5H3( R = Me 4c R' = CysHy R = Me

1d R' = Cy7Hz3 R? = Me 3d R" = Cy7Hs5 R® = Me 4d R" = Cy7Hg R® = Me

Enzyme amount

Entry  Solvent R! R> R® Enzyme (mg mmol™) Base Conc. Time(h) 1 3 4
1 Tetramethyl-THF C;;H,; Et Et Novozym 435 275 Et;N (1 eq.) 0.25 3 100 O 0
2 iPr,0 CyH,; Et Et  Novozym 435 275 Et;N (1 eq.) 025 3 100 0 0
3 MeCN CyH,; Et  Et  Novozym 435 275 Et;N (1 eq.) 025 3 68 20 12
4 {BuOH CyH;; Et  Et  Novozym 435 275 Et;N (1 eq.) 025 3 65 22 13
5 MeCN CHp; Et  Et  Lipozyme TL IM 275 Et;N (1 eq.) 0.25 18 9% 4 0
6 MeCN Ci1Hy; Et  Et  Amano lipase PSSD 275 Et;N (1 eq.) 0.25 18 95 5 0
7 MeCN C;1Hy; Et Et  Amano lipase AK 275 Et;N (1 eq.) 0.25 18 88 12 0
8 MeCN Ci;;Hy; Me Et  Amano lipase AK 275 Et;N (1 eq.) 0.25 18 83 16 1
9 MeCN C;:Hy; Me Me Amano lipase AK 275 Et;N (1 eq.) 0.25 18 70 29 1
10 MeCN CisHz; Me Me Amano lipase AK 275 Et;N (1 eq.) 0.25 18 49 50 1
11 MeCN C;sHz; Me Me Amano lipase AK 275 KHCO:; (1 eq.) 0.25 18 21 74 5
12 MeCN Ci;sHz; Me Me Amano lipase AK 137 KHCO; (1.1 eq.) 1 18 10 88 2
13 MeCN Ci;sHz; Me Me Amano lipase AK 137 Et;N (1.1 eq.) 1 18 17 81 2
14 MeCN Ci;sHz; Me Me Amano lipase AK 137 KHCO; (2.0 eq.) 1 18 3 93 4
15 MeCN CisHz; Me Me Amano lipase AK 137 NaHCO; (2.0 eq.) 1 18 10 86 4
16 tBuOH CisHz; Me Me Amano lipase AK 137 KHCO; (2.0eq.) 1 18 0 97 3
17 tBuOH C;:Hy; Me Me Amano lipase AK 137 KHCO; (2.0 eq.) 1 24 5 84 11
18 tBuOH C;yHz; Me Me Amano lipase AK 137 KHCO; (2.0 eq.) 1 24 6 88 6

¢ All reactions were carried out starting with equimolar amounts of fatty acid ester and glycine ester hydrochloride at 40 °C.
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Scheme 5 Possible mechanism for the formation of 4a.

AK Amano) (see the SI). Among the large number of enzymes,
only three showed at least some activity: Lipozyme TL IM
(entry 5), Amano lipase PS SD (entry 6), and Amano lipase AK
(entry 7). Despite their low efficiency compared to Novozym
435, all three enzymes catalyzed the desired reaction with very
high chemoselectivity. Due to the highest conversion, we
selected Amano lipase AK as the catalyst for further improve-
ments. Table 1 shows only selected examples, whereas full
details are reported in the SI.

1636 | Org. Biomol. Chem., 2026, 24,1634-1640

The length of the aliphatic chain of surfactants plays an
important role in their ability to reduce surface tension,>® as
well as in the critical micelle concentration, foaming ability,
and foam stability.>* The ester substitute for fatty acids, in
turn, affects their price due to differences in the synthesis
method: starting reagents, reaction conditions, and safety
considerations.*

To compare the reactivity of the starting reagents, various
fatty acid esters (methyl, ethyl), various glycine esters (methyl,
ethyl), and various lengths of aliphatic fatty acid chains
(laurate, palmitate, oleate) were used.

First, the influence of the ester substituent was studied on
lauric acid. Methyl esters were found to have a higher reactivity
than ethyl esters in the reaction with glycine ethyl ester
(entries 7 and 8).

Less expectedly, methyl glycinate was found to be more
reactive than ethyl glycinate, although this ester does not take
part directly in the reaction (entries 8 and 9). Initially we
thought that glycine ethyl esters could be better from the point
of view of chemoselectivity, but luckily this was not the case.

On passing from methyl laurate to methyl palmitate, con-
version increased appreciably (entries 9 and 10).

This difference in rate between laurate and palmitate,
although not very high, was unexpected to us. In the literature,
we could find various cases where the two fatty acids (or their
esters) react at different rates. In some cases the faster was
lauric acid/laurate,”® in other it was the opposite.””*® Thus, a

This journal is © The Royal Society of Chemistry 2026
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general trend cannot be drawn. All these quoted examples
refer to transesterification reactions, where probably the rate-
limiting step is the formation of the acyl-enzyme adduct. In
contrast, we think that in the process reported here, the rate-
limiting step is the second one, that is the reaction of glycinate
with the acylated enzyme. Since we used polar solvents, the
hydrophobic chain of the acyl-enzyme adduct should fold in
order to avoid unfavourable interactions with the solvent,
staying near the lipase hydrophobic cap (lid domain).>® This
could in part inhibit the access of polar glycinate to the active
site. Different lengths of the chain may cause subtle differ-
ences in the interaction with the lid domain and thus in
shielding the entrance to the active site. This is most likely
dependent on the structure of the specific lipase employed,
and therefore, a general trend of the influence of the chain
length on reactivity cannot be drawn.

Reaction conditions, such as temperature, pH, and reactant
concentrations, have a strong influence on enzymatic activity.
Therefore, the next step of the work was finding the optimal
reaction conditions using methyl palmitate. Amano lipase AK
is an enzyme produced by Pseudomonas fluorescens and can be
used in reactions in the temperature range of 5-65 °C, but it is
known to exhibit maximum catalytic activity at 40-45 °©C.>%3*
Actually, in our case, an increase of temperature to 60 °C was
deleterious (see the SI), and the optimal temperature was
40 °C.

To liberate glycine methyl ester from its hydrochloride, we
initially used triethylamine as a non-nucleophilic base.
However, it is not definitely a green reagent. We attempted to
replace it with other less expensive and more sustainable non-
nucleophilic weak bases widely used in the food industry -
potassium hydrogen carbonate (KHCO;), sodium hydrogen
carbonate (NaHCOj3), and sodium carbonate (Na,COj3). To our
delight, replacing triethylamine with KHCO; increased the
conversion from 50% to 74% (entry 11). We do not think that
this improvement is due to a lower pH (KHCOj; is a weaker
base than Et;N). We have actually seen that doubling the
amount of base is not deleterious (compare entries 12 and 14).
Neutralization of methyl glycinate hydrochloride forms just
KCl, CO, and H,O, whereas triethylammonium chloride
(formed when using Et;N) may somehow interfere with the
enzymatic activity.

To further raise the reaction conversion, we increased the
concentration of reagents by a factor of 4: from 0.25 M to 1 M,
at the same time halving the enzyme amount: from 275 mg to
137 mg per mmol of fatty acid ester. This allows the reaction
conversion to be increased to 88% (entry 12). This was observed
also with Et;N as the base (entry 13). A slight improvement was
achieved by using 2 eq. of KHCO; (entry 14), whereas the analo-
gous sodium salt was less efficient (entry 15).

At this point we decided to return to tert-butyl alcohol,
which is considered more sustainable than acetonitrile.>*?* As
can be seen in entry 16, this solvent behaves even better than
MeCN if it is adequately dried just before use.

Palmitic acid derivatives are widely used in the cosmetics
industry and personal care products because they add thick-

This journal is © The Royal Society of Chemistry 2026
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ness and consistency, as they are solid at room temperature
and act as emulsifiers, emollients and foaming agents.**?*
However, there are two other important fatty acids that give the
final compositions other properties: lauric acid derivatives
could act as antimicrobial agents.*® Oleic acid derivatives have
a protective effect on the skin because they have high affinity
for the lipids of the stratum corneum.’” Therefore, we applied
the conditions developed for methyl palmitate to reactions
with methyl laurate and methyl oleate.

Again, methyl laurate showed a lower reactivity, which also
leads to lower chemoselectivity (entry 17). However, the yield
of the desired product 4 remains high. Methyl oleate reactivity
lies in between that of laurate and palmitate (entry 18). It
should be noted that synthesis of oleoyl amino acid surfac-
tants through the traditional Schotten-Baumann process is
very troublesome for the difficult preparation of oleoyl
chloride.

Methyl esters of fatty acids are mainly synthesized by the
transesterification reaction of triglycerides in methanol in the
presence of an alkaline catalyst such as hydroxide or alkox-
ide.*® However, transesterification can also be catalyzed by the
same enzyme we used for enzymatic amidation - Amano lipase
AK.*® Thus, it is possible to directly replace fatty acid methyl
ester with vegetable oil; the only requirement being a small
addition of methanol for transesterification (Scheme 6). Due
to the numerous benefits when used in personal care pro-
ducts,” we decided to use coconut oil as a source of fatty
acids. This oil is particularly rich in lauric acid.

Compared to the reactions with methyl esters of fatty acids,
the reaction with coconut oil proceeds more slowly. In the reac-
tion mixture, we also found the presence of 1- and 2-monogly-
cerides: 30 mol% remains after 24 hours and 13 mol% after
72 hours. However, this may not be necessarily bad, since
mono- and di-glycerides are widely used as emulsifiers and
thus their presence in the final surfactants could be even an
added value.

Glycine is a small size amino acid with minimal steric hin-
drance, which makes its nucleophilic nitrogen more potent at
attacking the carbonyl carbon atom of a fatty acid ester. To
understand the influence of different groups in the alpha posi-
tion on the reaction efficiency, we attempted the synthesis of
N-acyl amino acids with other amino acid esters - r-alanine
methyl ester and r-glutamic acid dimethyl ester (Scheme 7).

Unfortunately, in both cases, no product was formed when
using either the selective lipase Amano AK or the highly active
Novozym 435; only partial hydrolysis of starting methyl palmi-
tate to palmitic acid was observed.

In the case of r-glutamic acid dimethyl ester, enzymatically
catalyzed intramolecular cyclization occurs, which results in
the formation of methyl pyroglutamate (methyl 5-oxo-L-proli-
nate). This occurrence was demonstrated by us by carrying out
an experiment under similar conditions, but without methyl
palmitate. The formation of pyroglutamate was observed by
GC-MS and 'H NMR of the crude product.

The final step in the synthesis of an N-acyl amino acid is
the conversion of the ester group of the enzymatic amidation

Org. Biomol. Chem., 2026, 24,1634-1640 | 1637
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reaction product to the free carboxylic group (Scheme 8). There
are two ways to do this: saponification using an alkaline base
or enzymatic hydrolysis using lipases.

Amano lipase AK is a highly selective enzyme, and its active
site predominantly binds to fatty acid esters rather than N-acyl
amino acid esters; as a result, little formation of the N-acyl
dipeptide by-product 4 was observed. This beneficial property
makes it unsuited for the final hydrolysis. Only 26% of the
initial material was converted within 72 hours. In contrast,
Novozym 435 is active toward both fatty acid esters and N-acyl
amino acid esters. When Novozym 435 was used in the reac-
tion with the isolated compound 3c, complete conversion
occurred within 24 hours. However, this does not allow us to
use the same enzyme for both steps and to carry out a one-pot

1638 | Org Biomol. Chem., 2026, 24, 1634-1640

View Article Online

Organic & Biomolecular Chemistry

procedure. It is necessary to filter off the first enzyme, evapor-
ate the solvent, and then add the hydrolysis solvent (aqueous
buffer) and Novozym.

Alternatively, simple saponification with sodium hydroxide
may be carried out, resulting in almost complete conversion of
the starting material to the final product: 99.5% yield within
72 h.

Conclusions

In this work, we developed a highly efficient enzymatic syn-
thesis of N-acyl amino acids from fatty acid esters and amino
acid esters, which consists of two stages: amidation and hydro-
lysis. Initially, we identified two suitable solvents for the enzy-
matic amidation: tert-butyl alcohol and acetonitrile. Since the
use of Novozym 435 resulted in the formation of by-products,
we searched and found a more selective enzyme - Amano
lipase AK. Optimization of temperature, concentration of
reagents and of the enzyme in the reaction mixture, suitable
base and its amount allowed the amidation reaction to be
carried out with high efficiency: 97% of the product is formed
using methyl palmitate; 84% using methyl laurate; and 88%
using methyl oleate. The final stage — hydrolysis — was carried
out with complete conversion using Novozym 435 or using an
alkaline aqueous base.

Overall, this optimized protocol is much more sustainable
than the Schotten-Baumann reaction of acyl chlorides, which
is presently used in nearly all industrial syntheses of these sur-
factants, since it completely avoids the toxic reagents needed
for the preparation of acyl chlorides. Moreover, our procedure
may be applied to oleic acid derivatives and prevents the pres-
ence of stoichiometric NaCl in the final solution of the surfac-
tant. The only drawback is the need to use an organic solvent
for the amidation reaction, but tert-butyl alcohol is considered
a green solvent®® and can be recycled by distillation.

Experimental

For details on the analytical methods, see the SI.

Typical procedure for the enzymatic amidation reaction:
N-palmitoyl glycine methyl ester 3¢

Glycine methyl ester hydrochloride (220 mg, 1.75 mmol, 1 eq.)
was weighed in a round-bottom flask with methyl palmitate
(473 mg, 1.75 mmol, 1 eq.), KHCO; (350 mg, 3.50 mmol, 2 eq.)
and Amano lipase AK (240 mg). After the addition of anhy-
drous tBuOH (1.75 mL) the mixture was magnetically stirred
for 18 hours at 40 °C. The mixture was diluted with EtOAc
(15 mL), further stirred for 30 min, and filtered through Celite
to recover the enzyme. This organic phase was washed with
saturated aqueous NH,Cl and dried with Na,SO,. After fil-
tration, the solvent was removed under vacuum. The amounts
of 1¢, 3¢ and 4c reported in Table 1 were determined by 'H
NMR analysis of this crude product.

This journal is © The Royal Society of Chemistry 2026
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Enzymatic hydrolysis of 3c to 6

N-Acyl amino acid ester 3¢ (98 mg, 0.30 mmol) was suspended
in a mixture of tris(hydroxymethyl)aminomethane (TRIS)
buffer (pH = 7, 0.25 mol L™", 7.2 mL, 6 eq.) and acetonitrile as
the co-solvent (215 pL, 3% by volume to TRIS buffer). Then
this mixture was treated with Novozym 435 (100 mg) and
stirred for 24 h at 40 °C. The mixture was diluted with EtOAc
and filtered through Celite. After adjusting the aqueous phase
to pH 2 by addition of 1 M HCI, the phases were separated and
the organic phase was washed with saturated solution of NaCl
and dried with Na,SO,. After filtration, the solvent was
removed under vacuum to afford pure acid 7.

Chemical hydrolysis of 3c to 7

N-Acyl amino acid ester 3¢ (98 mg, 0.30 mmol) was suspended
in a 1:1 solution of EtOH (600 puL) and 1 M NaOH (600 pL, 2
eq.). The mixture was stirred for 72 h at RT. The solution was
diluted with saturated aqueous NaCl, and the pH was adjusted
to <2 by the addition of 1 M HCI. Extraction with AcOEt,
drying with Na,SO,, filtration and evaporation to dryness gave
pure acid 7.

Comments on possible challenges during scale-up

For scale-up of this protocol, we think that efficiently support-
ing the enzyme will be helpful, in order to make its recycling
easier. The simple extractive work-up made at a low scale at
the level of 6 in order to remove KCI and excess KHCOj;
(mainly for analytical purposes) could be avoided, since these
salts can be removed after the final step. Also the relative
amount of EtOAc used for enzyme filtration can be strongly
reduced if using a supported enzyme.
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