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Abstract

The current work describes the differential behawioNovozyn? 435 (immobilizedCandida
antarcticalipase B) inO-acylation andN-acylation catalysis of bifunctional amino-alcohols
acyl acceptors. We perfomed acylation experimentgshoee amino-alcohols (alaninol, 4-
amino-1-pentanol and 6-amino-1-hexanol) using nigriscid as an acyl donor. Two organic
solvents {ert-amyl alcohol andh-hexane) and one ionic liquid (1-butyl-3-methylimzblium
hexafluorophosphate: Bmim [EF were used to determine the effect of the solvéite
influence of the amino-alcohol carbon chain lerggitween the alcohol and amino groups on
chemoselectivity Ckeat, appo-acylatiodKeat, app-acylaiion Was highlightedN-acylation is improved
using alaninol, a short chain amino-alcohol (no oi@Racylation intert-amyl alcohol and C
= 0.12 inn-hexane) whered3-acylation is improved using 4-amino-1-pentanol &ramino-
1-hexanol which are amino-alcohols with longer oh@ = 10.5 irtert-amyl alcohol and C =
539 inn-hexane). On the other hand, the production ofattydated amino-alcohols after 96
hours of reaction was shown to be strongly affedigdhe solvent nature and the amino-
alcohol structure: starting from alaninol as anlamceptor, the yield of amide synthesis
reaches up to 98% iert-amyl alcohol using 0.7 equivalents of myristiccagihile the yield

of amido-ester synthesis reaches up to 88% in BfiRg using 1.75 equivalents of myristic

acid.

Keywords: N-acylation; O-acylation; Novozyfi 435; Organic solvent; lonic liquid;

Chemoselectivity
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1. Introduction

Acylated amino-alcohols such as ceramides, glucasnahd amino-acid derivatives have
found important applications, such as in pharmacaluand cosmetic industries, as potential
anti-viral or anti-tumor drugs [1-3], anti-oxidastabilizers [4] and as active ingredients in
hair and skin care products [5]. In addition, thesmpounds can also be used as surfactants

in environmental, food and agricultural industrigs8].

Many processes of chemical acylation of amino-ait®have been developed so far but these
methods have faced several limitations. One ofntbst serious restrictions during chemical
processes is the necessity for fastidious stepalazfhol or amino group protection and
deprotection, which are essential to control thenobselectivity and stereoselectivity of

acylation reactions [9-10].

Biocatalysis is considered as an interesting atére for the preparation of synthetic

compounds: it offers a clean way to perform chemjmacesses under mild reaction
conditions, with a high degree of selectivity [14}1Lipases(E.C. 3.1.1.3) in particular

provide several advantages when used in anhydrmgenic media [13-15]. These include
shifting of the thermodynamic equilibrium in favoaf synthesis over hydrolysis reaction,
increasing the solubility of non-polar substra@gninating side reactions, making enzyme
recovery easier and increasing enzyme thermogtalili6-18]. Lipases are excellent
biocatalysts inO-acylation, transesterification aridtacylation reactions in the synthesis of
various acylated derivates used in pharmaceuticainetic and food industries [19-22]. They
have, therefore, been widely studied over the pastdecades and a large amount of their key
properties in biocatalysis have been highlightesl (A3-25]. Recently, a new proton shuttle
reaction mechanism was proposed to explain cheextsaty for lipase-catalyzed\-

acylation of amino-alcohols [26]. However, it islishecessary to optimize the output of
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lipase-catalyzed reactions and to understand tlpe Of selectivity in different reaction
conditions.
The properties of lipases (activity, chemoselettjviegioselectivity and stereoselectivity) can

be modulated by many parameters such as genetichemical modification, enzyme
immobilization [15, 27-29]. Solvent nature also tmadarly influences lipase-catalyzed
acylation reactions. Recent studies have shown tthatsolvent affects the activity and
selectivity of enzymes in a complex way, involvingany interactions between the solvent
and both the substrate and the enzyme [30-35]h&uriore, the use of lipases in organic
solvents makes many synthetic reactions possilsiedb not occur in the natural media of
these enzymes. However, these solvents can displagin disadvantages, such as volatility
and/or toxicity towards the environment [36], peutarly when they are used on a large scale.
An alternative to these organic solvents is theafdenic liquids. lonic liquids have recently
emerged to replace organic solvents in biocatatytinsformations, especially in the case of
polar substrates like amino-alcohols that are diffi to dissolve in organic solvents [37].
Moreover, they show unique properties, including vapor pressure and capacity to be
recycled and to prevent the thermal deactivatioanzymes [30, 38]. These properties can be
useful in lipase-catalyzed biotransformation. Imgpaases, these media have been shown to
improve the efficiency of lipase-catalyzed acylatieactions [31, 39-41] and used to perform

both ester and amide synthesis [38, 42-44].

Despite the attractive properties of organic sdivemd ionic liquids, few studies have been
devoted to the lipase-catalyzed acylation of bifiomal substrates, exhibiting both amino and
alcohol groups, such as ethanolamine, diethanolmitramino-1-butanol, 6-amino-1-
hexanol, serine and other amino-alcohols with \dgizarbon chain lengths [45-50]. In such
reactions, the lipase catalyz€sacylation orN-acylation with a chemoselectivity that is

largely dependent on the amino-alcohol structuég. [2
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Among lipases used in organic synthe€landida antarcticdipase B is well known for its
ability to convert alcohols and amines into esters and aniidesrious solvents [8, 51] and
seems to be the ideal enzyme for the acylation ashppunds such as amino-alcohols.
Moreover, commercially available immobilizeBandida antarcticalipase B, such as
Novozynf 435, shows many advantages such as long-termlitstadi moderately high
temperatures and a tolerance for polar and non-polaents [52]. In the present work, we
investigated two organic solvents and one ioniaiticas reaction solvents in the acylation of
three amino-alcohols, catalyzed by NovoZya85, with myristic acidl as an acyl donor. In
order to determine the optimum conditions for s@lecN-acylation andO-acylation of
amino-alcohols and to maximize both the yield and selectivity, the effects of amino-

alcohol structure and solvent nature were compared.

2. Materials and methods

2.1. Materials
Novozynf 435 Candida antarcticalipase B immobilized on acrylic resin), was kindly
provided by Novozymes A/S, Bagsvaerd, Denmdt-alaninol 2 (98%) and 6-amino-1-

hexanol6 (>97%), as well adert-amyl alcohol (99%) and 1-butyl-3-methylimidazolium
hexafluorophosphate (Bmim [BlfF (>97%) were purchased from Sigma-Aldrich (St Louis,
USA) while (x)-4-amino-1-pentanod was from Santa Cruz Biotechnology (USA). Myristic
acid 1 and acetic acid were from Fluka (St Quentin-FadigvSwitzerland). All chemicals
were dried over molecular sieves. Pure water waairdd via a Milli-Q system (Millipore,
France). Acetonitrile, methanah-hexane, chloroform and 1-butanol were purchaseth fr

Carlo ERBA (Val-de-Reuil, France).

2.2. Enzymatic acylation procedure
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2.2.1. General procedure for lipase catalysed an@fomhol acylation

In all cases, reactions were carried out at 55°€ciew-caped tubes. 2 ml reaction mixtures
containing various amounts of amino-alcohol (25-88@) and 175 mM of myristic acil as

an acyl donor were incubated for 10 minutes prioaddition of 5 gt of Novozynf 435.
Reactions were conducted for 96 hours. Initial rateasurements were also performed
according to a previously established procedurg. [bBe initial rates were calculated from
the linear relationship of the total concentratidmproducts against reaction time (0-1 hour in

n-hexane and 0-2 hourstert-amyl alcohol or Bmim [P§).

2.2.2. Procedure for amino-alcohol acylation inttamyl alcohol

When usingtert-amyl alcohol as a reaction solvent, 100 ul samplee taken at intervals
and centrifuged at 18,000 g for a minute. The sugtants were then analyzed by LC-MS,
leading to the determination and quantification refmaining substrates and synthesized

products.

2.2.3. Procedure for amino-alcohol acylation in exane

When using n-hexane as a reaction solvent, various samplesaicimg the same
concentration of reactants and enzyme were preparatl incubated under the same
conditions. Reactions were then conducted in paralhd withdrawn at different times to
determine the reaction progress. 6 ml of a metheamokoform (50/50, v/v) mixture were
then added in each sample and the reaction medasrhemogenized. 500 ul samples were
taken and centrifuged at 18,000 g for a minute. Jiggernatants were then analyzed by LC-
MS, leading to the determination and quantificatidmemaining substrates and synthesized

products.
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2.2.4. Procedure for amino-alcohol acylation in dfd-3-methylimidazolium

hexafluorophosphate

When using 1-butyl-3-methylimidazolium hexafluorogphate (Bmim [P§) as a reaction
solvent, various samples containing the same cdratem of reactants and enzyme were
prepared and incubated under the same conditReections were then conducted in parallel
and withdrawn at different times to determine tkaction progress. 6 ml of 1-butanol, a
solvent that is immiscible with Bmim [RJ were added in order to extract substrates and
products from Bmim [P§. 500 pl samples were taken from 1-butanol exsraand
centrifuged at 18,000 g for a minute. The supemataere then analyzed by LC-MS, leading

to the determination and quantification of remagnaubstrates and synthesized products.

The partition coefficient between Bmim [fFand 1-butanol was determined for all
compounds (myristic acitl and acylated products) using the following procedarsolution

of Bmim [PR] with a known concentration of each compound waspared and then
extracted in 1-butanol. The partition coefficienasvcalculated as the ratio of the final
guantity determined by HPLC to the known initialagtity. All samples were performed in
duplicate and the averages of duplicate partitioafficients were mentioned in Table 1.

Finally, it was used to correct the concentratiatugs of all compounds in 1-butanol extracts.

Table 1

Partition coefficient of myristic acid and acylated products in a Bmim BPE-butanol
biphasic system.

Compound Partition coefficient®

Myristic acid1 0.84

N-myristyl 2-amino-1-propan@a 0.84
O-myristyl 2-amino-1-propandb 0.88
O,N-dimyristyl 2-amino-1-propan@c 0.99
N-myristyl 4-amino-1-pentanda 0.82
O-myristyl 4-amino-1-pentand&b 0.90
O,N-dimyristyl 4-amino-1-pentanéic 0.99
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N-myristyl aminohexanofa 0.83
O-myristyl aminohexanalb 0.87
O,N-dimyristyl aminohexandfc 0.99

#The partition coefficient was calculated as theoraf the final concentration determined by HPIcthe
known initial concentration.

2.3. Analytical methods

2.3.1. HPLC-MS analysis

Structural and quantitative analysis of reactiondpicts were conducted using a LC/MS-ES
(liguid chromatography—mass spectrometry) systemmfAgilent (1100 LC/MSD Trap mass
spectrometer VL) with a C18 Prontosil 120-5-C18-Ag9ersed-phase column (250x4 mm, 5
um; Bischoff Chromatography, Germany). The elutibmeaction samples was carried out at
room temperature and at a flow rate of 1 ml Thimsing a mobile phase consisting in a
mixture of two solvents: acetonitrile/water/acetacid (77/23/0.1, viviv) (A) and
methanol/acetic acid (100/0.1, v/v) (B). The follog variations of the mobile phase were
used during the time interval of the analysis: 1088fvent A from 0 to 20 minutes; a linear
gradient reaching 0% solvent A and 100% solventaBnf20 to 23 minutes; 100% solvent B
from 23 to 80 minutes; a linear gradient reachiagkb100% solvent A and 0% solvent B
from 80 to 82 minutes; 100% solvent A from 82 mesuto the end of the run at 90 minutes.
Products were detected and quantified by diffeaéméfractometry and UV detection at 210
nm. An external calibration was performed with puamgristic acid. Then, calibrations for
individual acylation products were obtained afterssibalance in reaction conditions enabling
to obtain only these products with myristic acid as acyl donor. Low-resolution mass
spectral analyses were obtained by electrospréyeirpositive detection mode. Nitrogen was
used as the drying gas at 15 | thiand 350 °C at a nebulizer pressure of 4 bars.sEhe
range was 50-1000 m/z using five averages and 3y per second resolution. The

capillary voltage was 4000 V. Processing was ddfi@e using HP Chemstation software.
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173 2.3.2. Acylated-amino-alcohols purification and bysés for identification

174 In order to perform the purification and characation of acylated products, 20 ml reaction
175 mixtures containing 50 mM of the amino-alcohol a7 mM of myristic acidl in tert-amyl

176 alcohol were incubated for 24 hours in presencd®fg I' of Novozyn? 435. Purified
177 products were then characterized'syNMR (nuclear magnetic resonance spectroscopy) and
178 IR (infrared spectroscopy) after purification vieeparative HPLC using a ProntoPrep C18
179 reversed-phase column (250x20 mm, 10 pm; Bischbfb@atography, Germany) eluted via
180 the mobile phase given in section 2.3.1, at roamperature and at a flow rate of 5 ml fhin
181 'H NMR were recorded on a JEOL-JNM LA400 spectromed00 MHz), with

182 tetramethylsilane as an internal reference. Sampiee studied as solutions in CRCI
183 Infrared (IR) spectra were recorded from 400 to46@i * with a resolution of 4 cil using a

184 100 ATR spectrometer (Perkin-Elmer, United States).

185 N-myristyl 2-amino-1-propanol 3a m/Z (LR-ESI) Ci7H3NO, (M + H"), found: 286.4,
186 calculated for: 286.48. IR na(cm™): 3100-3500 (O-H, alcohol and N-H, amide), 280030
187  (CH of myristyl chain), 1638 (C=0, amide), 1543 K\lamide)."H NMR (400 MHz, CDC},
188 & ppm):5 0.88 (t, 3H,J= 6.06Hz, -CH-CHj3), 1.17 (d, 3HJ= 6.06Hz, —CH-CH), 1.25 (m,
189 20H, -CH»- of myristyl chain), 1.63 (m, 2H, -GFCH,-CO-NH- of myristyl chain), 2.19 (t,
190 2H, J= 6.06Hz, -CH-CH,-CO-NH- of myristyl chain), 3.04 (s, 1H, -OH), 3.2dd, 1H, J=
191 5Hz,J= 10Hz, —CH-CH-OH), 3.46 (dd, 1HJ= 3.7Hz,J= 11Hz, —CH-CH-OH), 4.07 (m,

192 1H, -CH-), 5.7 (s, 1H, -NH-).

193  O,N-dimyristyl 2-amino-1-propanol 3c. m/Z (LR-ESI) CzHs:NOsNa (M + Na'), found:
194 518.6, calculated for: 518.85. NRnax(cmi?): 3301 (N-H, amide), 2800-3000 (CH of myristyl

195 chain), 1737 (C=0, ester), 1643 (C=0, amide), 184H, amide).'H NMR (400 MHz,
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CDCls, 6 ppm):5 0.88 (t, 6H,J= 7.6Hz, 2x -CH-CHs), 1.16 (d, 3HJ= 7.6Hz, —CH-CH),
1.25 (m, 40H, -Cht of myristyl chain), 1.6 (m, 4H, 2x -GHCH,-CO- of myristyl chain),
2.14 (t, 2H,J= 7.2Hz, -CH-CH,-CO-O- of myristyl chain), 2.32 (t, 2H= 7.2Hz, -CH-
CH,-CO-NH- of myristyl chain), 4 (dd, 1HJ= 4.4Hz,J= 10.7Hz, —-CH-CH-0-), 4.13 (dd,
1H, J= 4.9Hz,J= 10Hz, —CH-CH-O-), 4.29 (m, 1H, -CH-), 5.54 (d, 1Hd= 7.3Hz, C-NH-

CHy).

N-myristyl 4-amino-1-pentanol 5a: m/Z (LR-ESI) CioH4NO, (M + HY), found: 314.2
calculated for: 314.53. IR max(cmi?): 3200-3500 (O-H, alcohol and N-H, amide), 280030
(CH of myristyl chain), 1639 (C=0, amide), 1545 K\-amide).*H NMR (400 MHz, CDC},
3 ppm): 6 0.88 (t, 3H,J= 6.58Hz, -CH-CHa), 1.14 (d, 3HJ= 6.23Hz, —CH-CH), 1.25 (m,
20H, -CH- of myristyl chain), 1.53 (m, 4H, —CH-GHCH,-CH,-OH), 1.63 (m, 2H, -Cht

CH,-CO-NH- of myristyl chain), 2.14 (t, 2H)= 7.27Hz, -CH-CH,-CO-NH- of myristyl

chain), 2.94 (s, 1H, -OH), 3.67 (m, 2H, —£6H,-OH), 4.06 (m, 1H, -CH-), 5.28 (s, 1H,

NH-).

O-myristyl 4-amino-1-pentanol 5b: m/Z (LR-ESI) CioHsoNO; (M + HY), found: 314.2
calculated for: 314.53. IR max(cm?): 3291 (N-H, amine), 2800-3000 (CH of myristyl @t)a
1736 (C=0, ester), 1557 (N-H, amin&). NMR (400 MHz, CDC}, § ppm):& 0.88 (t, 3H,J=

6.99Hz, -CH-CHj3), 1.14 (d, 3HJ= 8Hz, —CH-CH), 1.25 (m, 20H, -Ckt of myristyl chain),
1.52 (m, 4H, —CH-CHKHCH,-CH,-O-), 1.62 (m, 2H, -CKHCH,-CO-O- of myristyl chain),
2.22 (t, 1H,J= 7.16Hz, -CH-CH,-CO-O- of myristyl chain), 2.29 (t, 1H= 7.5Hz, -CH-

CH,-CO-O- of myristyl chain), 3.43 (m, 1H, —G¥H,-O-), 3.69 (m, 1H, -CHCH,-O-), 4.1

(m, 1H, -CH-).

O,N-dimyristyl 4-amino-1-pentanol 5¢: m/Z (LR-ESI) CsaHgsNOsNa (M + Na), found:

546.2 calculated for: 546.9. BRma(cm™): 3304 (N-H, amide), 2800-3000 (CH of myristyl

10
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chain), 1732 (C=0, ester), 1640 (C=0, amide), 16464, amide).'H NMR (400 MHz,
CDCls, 5 ppm):3 0.88 (t, 6HJ= 7.43Hz, 2x -CHCHjs), 1.14 (d, 3H,J= 6.83Hz, —CH-CHh),
1.25 (m, 40H, -ChH of myristyl chain), 1.53 (m, 4H, -CH-GFCH,-CH,-O-C), 1.6 (m, 4H,
2X -CH-CH,-CO- of myristyl chain), 2.14 (t, 4H]= 7.08Hz, -CH-CH,-CO- of myristyl

chain), 3.68 (M, 2H, ~CHCH,-O-C), 4.07 (m, 1H, -CH-), 5.27 (d, 185 6.86Hz, -NH-).

N-myristyl aminohexanol 7a: m/Z (LR-ESI") CyH42NO, (M + H"), found: 329.5 calculated
for: 328.56. IRV max (cm™): 3385 (O-H, alcohol), 3314 (N-H, amide), 2800-B0(CH of
myristyl chain), 1634 (C=0, amide), 1534 (N-H, aa)idH NMR (400 MHz, CDC4, 5 ppm):
8 0.88 (t, 3H,J= 7.5Hz, -CH-CHj3), 1.25 (m, 20H, -Chkt of myristyl chain), 1.51 (m, 2H, -
CH,-CH,-CO-0O- of myristyl chain), 1.59 (m, 4H, —G¥H,-CH,-CH,-OH), 2.26 (t, 2HJ=
7.65Hz, -CH-CH,-CO-OH of myristyl chain), 2.72 (s, 1H, -OH), 3.5 2H, J= 7.07Hz, —

CH,-CH,-OH), 3.63 (t, 2H,J= 7.29Hz, —~CH-CH,-NH-CO-CHp), 5.41 (s, 1H, -NH-).

O-myristyl aminohexanol 7b: m/Z (LR-ESI) CyoH42NO, (M + H"), found: 329.5 calculated
for: 328.56. IRV max (cm™): 3400 (N-H, amine), 2800-3000 (CH of myristyl at)a 1736
(C=0, ester), 1544 (N-H, amine)d NMR (400 MHz, CDC}, 5 ppm): 5 0.88 (t, 3H,J=
7.28Hz, -CH-CHs), 1.25 (m, 20H, -Cht of myristyl chain), 1.55 (m, 2H, -GHCH,-CO-O-
of myristyl chain), 1.62 (m, 4H, —GHCH,-CH»-CH>-NH>), 2.28 (t, 2H,J= 7.65Hz, -CH-
CH,-CO-O- of myristyl chain), 2.81 (s, 2H, -NJ{ 3.64 (t, 2HJ= 6.47Hz, —CH-CH>-NH,),

4.04 (t, 2H J= 6.47Hz, —CH-CH,-O-CO-CH).

O,N-dimyristyl aminohexanol 7c: m/Z (LR-ESI) CaHs7NOsNa (M + N&), found: 560.7,
calculated for: 560.93. IR max(cmi?): 3298 (N-H, amide), 2800-3000 (CH of myristyl @t)a
1726 (C=0, ester), 1635 (C=0, amide), 1547 (N-Hidaj'H NMR (400 MHz, CDC}, 5

ppm): 3 0.88 (t, 6H,J= 6.48Hz, 2x -CH-CHj3), 1.25 (m, 40H, -Cht of myristyl chain), 1.5

(M, 4H, -CH-CH,-CO- of myristyl chain), 1.6 (m, 4H, —~GHCH,-CH,-CH,-O-C), 2.15 (t,

11
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2H, J= 7.8Hz, -CH-CH,-CO-NH-), 2.29 (t, 2H,)= 7.8Hz, -CH-CH,-CO-NH-), 3.24 (q, 2H,

J= 6.5Hz, —CH-CH,-NH-), 4.06 (t, 2HJ= 5.9Hz, —-CH-CH,-O-CO-CH), 5.4 (s, 1H, -NH-).
2.3.3. Analysis of the ionization state of subssan tert-amyl alcohol

The ionization state of myristic acil in tert-amyl alcohol was investigated using infrared
spectroscopy analysis. Infrared (IR) spectra offdascontaining 175 mM of myristic acld
and from 0 to 250 mM of alanin@lwere recorded from 1500 to 1800 ¢mwith a resolution
of 4 cm® using a 100 ATR spectrometer (Perkin-Elmer, Uni®thtes). Before the
interpretation of data, a treatment (base lineemtion, smoothing and normalization min—

max) was applied to spectra.
2.4. Titration of Novozyf435 active sites

In order to determine the amount of immobilizZ8endida antarcticalipase B (Novozyrfi
435) active sites, a suicide inhibitor (4-methylwatiferyl hexylphosphonate) was used
according to the method developed by Fugiial. [54-55]. This inhibitor was added to 10 mg
of immobilized lipase (immobilized on beads of dicrgupport), to a final concentration of
50 uM. In this sample, acetonitrile was added to fimalume of 1 mL. 100uL sample
solution was adding to 900L of buffer (100 mM Tris-HCI, 1 mM Cagl pH 8.0), then
fluorescence intensity was analyzed using a lunoiEmse spectrometer (Luminescence
Spectrometer Model LS-50B, PerkinElmer, MA, USA)heT excitation wavelength was
A=360 nm and the emission wavelength Wa445 nm. The active site amount was establish
from the linear relationship between fluorescencternisity and the concentration of the
leaving group 4-methylumbelliferone. Finally, treationship between fluorescence intensity
and the amount of beads containing immobilizedskpavas linear. The resulting active
Candida antarcticalipase B load on beads was found to be 4.7% (%wigight) which

equals 1.4umol of lipase active site per gram of beads.

12
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2.5. Determination of the kinetic parameters

The kinetic parameters from amino-alcohol acylatwere determined using Lineweaver-
Burk reciprocal plots of initial rates versus amaloohol concentrations. The apparent
maximum rates Mmaxapp Of myristic acid conversionQ-acylation andN-acylation were
obtained by using y-intercept which correspondh® IV naxappvalue. The apparent catalytic
constants Keaapp Were then calculated as the ratio of Wiguappto the total amount of
Novozynf 435 active sites in the reaction medium, which eaviously determined by
titration (1.4 pmol of lipase active sites per gram of NovoZydB5: see section 2.4). In
parallel, the apparent Michaelis constari{g, {,) were obtained by using x-intercept which

correspond to the K, appvalue.

2.6. Evaluation of the chemoselectivity

The chemoselectivity of Novozyt35 during the acylation of amino-alcohols wasistd
by comparing the alcohol group-acylation and the amino groug-acylation, and then
calculated via the apparent catalytic efficienegio (Eq. (1)) [56], which was transformed
into an apparent catalytic constant ratio (Eq. ¢2ing to the fact that there is a unidg app

for each bifunctional amino-alcohol.

C = (kcat, appo—acylation/ Km,ap;) / (kcat, app\l-acylation/ Km,app) (1)

C= kcat, apm-acylation/ kcat, appN-acylation (2)
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3. Results and discussion

3.1. Effect of the solvent on the apparent kingimrameters and the

chemoselectivity of Novoz§m35 in the acylation of amino-alcohols

Two organic solventstért-amyl alcohol andn-hexane) and one ionic liquid (1-Butyl-3-
methylimidazolium hexafluorophosphate; Bmim {PRvere used for the selective acylation
of alaninol @), 4-amino-1-pentanolj and 6-amino-1-hexanob) using myristic acid as an
acyl donor (Scheme 1). Bmim [fRvas chosen as a model ionic liquid on the balssewveral
earlier studies which revealed the efficiency of iBm[PFR] for O-acylation,
transesterification antll-acylation reactions catalyzed i3andida antarcticalipase B [57,
58]. The two organic solvents were chosen from ipresworks found in the literature, which
have demonstrated the efficacy of these solventingluhe acylation of amino-polyol

substrates catalyzed by lipases [8, 53, 59].

o]
(o]
HN (CH2)12CH3
HO (CH,)1.CH; HO_
R Y
Acyl donor: myristic acid 1 H,0 Amide: 3a, 5a or 7a
+
(o]
NH. ok(cm)ucm
|
HO
“R Y Novozym 435 RYNHz
Acyl tor: 55°C Ester: 3b, 5b or 7b
. Y 'accep or: Organic solvents or lonic liquid Y
alaninol (2-amino-1-propanol) 2 +
4-amino-1-pentanol 4 o
or 6-amino-1-hexanol 6 k
Y = CH; (2and 4) or H (6) 9 (CH;)12CHy
R = CH, (2), CH,CH,CH, (4) or CH,CH,CH,CH,CH, (6) RYNH (CH,)1,CH3
Y (o]

Amido-ester: 3¢, 5c or 7c
Y =CHs(3and5)orH (7)
R = CHj, (3), CH,CH,CH, (5) or CH,CH,CH,CH,CH, (7)

Scheme 1.Acylation of three amino-alcohols by Novozym35 (immobilizedCandida
antarcticalipase B).
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All experiments were performed in media containuagious amounts of the amino-alcohol
(25-350 mM) as an acyl acceptor and 175 mM of rigrigcid 1 as an acyl donor. In the
absence of enzyme, no product was detected withday®. LC-MS analysis demonstrated
that the decrease in myristic adidoncentration is always concomitant with the sysithef
acylated products. The purification and the stmatelucidation by MS, IR and NMR

analyses identified the structure of the acylatedipcts.

The kinetic parameters for the acylation of amitaplaols2, 4 and6 were determined using

Lineweaver-Burk reciprocal plots.

.
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1/ rate O-acylation (h g™ mmol™)
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1/ rate of acid conversion (h g™ mmol™)
! 1
1/ rate of N-acylation (h g"~ mmol ™)
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/
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0,04 0,02 0,00 0,02 0,04 -0,04 0,02 0,00 0,02 0,04 -0,04 0,02 0,00 0,02 0,04

1/ [4-amino-1-pentanol 4] (mM™) 1/ [4-amino-1-pentanol 4] (mM™?) 1/ [4-amino-1-pentanol 4] (mM'l)

Fig. 1. Reciprocal initial rates of myristic acid convensi(A), 4-amino-1-pentanoD-
acylation B) and 4-amino-1-pentan®N-acylation C) versus reciprocal 4-amino-1-pentanol
concentrations. Reactions were carried out at 5%8i@g a fixed concentration of myristic
acid (175 mM) and 5 g1 of Novozynf 435 in 2 ml oftert-amyl alcohol.The data represent
the averages of triplicate runs whose standarcatiewis were always lower than 15%.

As shown on Fig. 1, which describes the acylatibrd-@mino-1-pentanolt in tert-amyl
alcohol, a decrease in the initial rates of myisitid 1 conversion,O-acylation andN-

acylation, occurred when amino-alcohol was in exdesl75 mM). This phenomenon was
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also noticed on the acylation kinetic profile o&mihol 2 and 6-amino-1-hexand, in both
organic solvents and ionic liquid and could beilatted to an inhibitor effect similar to
excess substrate inhibition. However, it was nateobed in a previous work in which we
performed theD-acylation of 2-butanol starting from myristic acad an acyl donor under
similar experimental conditions [60]. Thus, the @ase in initial rates is most likely due to an
interaction between myristic acidand the amino group of the amino-alcohol. Indebd,
presence of an amino substrate and a fatty acistratb in an organic solvent generally leads
to the formation of an ion-pair complex betweenhbstibstrates, depending on the acido-
basic conditions of the medium [46, 53, 59]. Trat somplex makes the ion forms of both
substrates non reactive (NHamine form and COOfatty acid form) and therefore leads to
the overestimation of the substrate concentratibasare actually available to the enzyme in
the reaction medium. Maugard et al. [53] previousiscribed this ion-pair complex as a
limiting factor in lipase-catalyzed acylation, un@enditions where it is less soluble than free
substrates. To verify this hypothesis, the compmsibf the medium, in particular the
carbonyl species was analyzed by IR spectroscoplyeastart of the reaction using various
concentrations of amino-alcoh®lin tert-amyl alcohol as a reaction solvent. When myristic
acid 1 alone was totally solubilized, only one carbonghth was observed at 1710 ¢
(Table 2, entry 1), corresponding to the acid fowtinen the concentration of amino-alcoBol
was increased in the media, a decrease in theoétba carbonyl acid band (1710 ¢nwas
concomitant with an increase in the area of thbaaylate band (1562 cif) (Table 2, entries

2 to 5). This demonstrates the formation of anpair-complex between substrafieand?2.

Table 2

Quantification of IR spectrum bands of mixturesteimng 175 mM of myristic acid and
various concentrations of alanirin tert-amyl alcohol.

Entry [Alaninol 2] IR band
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350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365
366
367

(mM) 1710 cm'* (-COOH) 1562 cm (-CO0")

(Area in %) (Area in %)
1 0 100 0
2 50 64 36
3 100 26 74
4 175 7 93
5 250 5 95

Due to the inhibitor effect of the ion-pair complat high substrate concentrations, the
apparent kinetic parameter&csfapp and Kmapp were obtained from Lineweaver-Burk
reciprocal plots corresponding to amino-alcoholscemtrations lower than 175 mM. Indeed,
no decrease in initial rates and de facto no itibibidue to the ion-pair complex formation
was observed for these amino-alcohol concentratibhgs, for amino-alcohat acylation in
tert-amyl alcohol (Fig. 1), thécaappvalues were 86 mih for O-acylation (Fig. 1B) and 13
min™ for N-acylation (Fig. 1C) and 99 minfor myristic acidl conversion (Fig. 1A) and the
Km,app Value of amino-alcohol# acylation was 75 mM (Fig. 1A). The apparent kineti
parameters, the chemoselectivity ratio (C), as althe log P values of amino-alcohols, are
summarized in Table 3. The log P value is defiretha logarithm of the partition coefficient
of a given compound in a standard octanol/watehdsr system [61]. This parameter
characterizes the hydrophobicity of a compound: ligher the log P value, the more

hydrophobic the compound [62, 63].

Table 3

Apparent kinetic parameters and chemoselectivitipsaof the Novozyf 435 catalyzed
acylation of amino-alcoholg, 4 and6 carried out at 55°C in-hexanetert-amyl alcohol or
Bmim [PF] as a reaction solvent, using 175 mM of myristi@d as an acyl donor.

Keat, app OF
et ap Keat, app OF O- Keat, app OF N-
Entry Solvent Amino-alcohol ~ MYfistic acid 1 acylation acylation Kmapp ce
conversion (min) (min) (mM)

(min™?)
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373

374

375
376

377

378

379

380

381

382

383

384

385

1 n-hexane 357 14 114 18.7 0.12

2 tertamyl (i)-alaninolz 58 ndf 51 182 <0.001
alcohol (log P -0.96)
3 Bmim [PFg] 33 2 27 69.7 0.07
4 n-hexane 241 231 o 353 ~1000
5 tert-amyl (i)-4—amino— 99 86 13 75 6.61
alcohol 1-pentanok
(log P -0.43)
6 Bmim [PR] 38 27 o 72.2 >1000
7 n-hexane 551 539 1 53 539
8 tert-amyl 6-amino-1- 136 126 12 63 10,5
alcohol hexanolé
(log P -0.01)
9 Bmim [PR] 44 41 o° 45 >1000
@ Not detected.

® The acylated product was detected at a concentratio low to be quantified.
¢ The chemoselectivity ratio calculated via the appacatalytic constant ratio (Eg. (2)).

Table 3 provides a number of key information. Idesrto facilitate the comparison of the
parameters described in this table, the effectabfemit nature on thém app Keatapp and

chemoselectivity is discussed separately.

+ Effect on the K app
The Ki,app0f amino-alcohoP in tert-amyl alcohol (182 mM) was 2- and 2.5-fold highleart

the K app Of long chain amino-alcohol (75 mM) and6 (63 mM), respectively (Table 3,
entries 2, 5 and 8). This indicates a lower affimif Novozynf 435 for short chain amino-
alcohol2. The same phenomenon is observed using Bmirg [FBble 3, entries 3, 6 and 9).
In contrast, thém appOf short chain amino-alcoh@lin n-hexane (18.7 mM) was 1.5- and 2-
fold lower than theKmapp Of long chain amino-alcohold (35.3 mM) and6 (53 mM),

respectively (Table 3, entries 1, 4 and 7), whiodidates a switch in the affinity of

Novozyn? 435 in favour of the short chain amino-alcoBol

To date, a clear consensus has not yet emergeldegpatameters to quantitatively describe

solvents and their influence on enzymatic reactibiswvever, it is well known that solvent
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hydrophobicity is a key factor, whose influence tenevaluated using the log P value [62,
64-65]. The solvent effect can be analysed usiegpttobable relationship between enzyme
activity and substrate solvation. In a hydrophélidvent such atert-amyl alcohol (log P 0.89)
or Bmim [PF] (log P -2.36), the solvation of the highly hydhilpc amino-alcohoP (log P —
0.96) is favoured to the detriment of its avail@pifor the enzyme. Thus, the affinity of the
lipase for amino-alcoha? is lower than its affinity for other amino-alcokah hydrophilic
solvents, resulting in a high&m app value (Table 3). In contrast, in a hydrophobicveat
such asn-hexane (log P 3.90), the solvation of an aminotadt is favoured when its
hydrophilicity decreases, the solvation of the mydrophilic amino-alcoho? is therefore
not favoured and this benefits its availability fbe enzyme. Thus, the affinity of the lipase
for amino-alcohol2 is higher than its affinity for other amino-alcdhan hydrophobic
solvents, resulting in a lowddy, app value (Table 3). In addition, Novozyh#35 consisting in
Candida antarcticdipase B immobilized on a positively charged aicrplolar resin, solvation
of the biocatalyst would not be favoured in a hydmbic solvent: as a concequence, this
promote biocatalyst availability for polar substmtsuch as amino-alcohols imhexane,
resulting in a loweK, appvalue. These results are in accordance with seserdies that have
demonstrated that the use of various supportsr(polapolar) allows to modulate activity and

selectivity of a particular immobilized lipase usad/arious solvents [17].

» Effect on the g app0f myristic acid conversion

In this work, thek.aappOf myristic acid conversion is a representativeap@ter of the
biocatalyst activity for the amino-alcohol acylatiolndeed, thekcaapp Of myristic acid
conversion corresponds to the sumkgf app 0f monoN-acylation, mondd-acylation and

amido-ester synthesis.

n-Hexane was the most effective reaction solventiems of keatapp Of myristic acid 1
conversion, to enhance the activity of NovoZya85, regardless of the three amino-alcohols
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tested. Catalytic activity was lowest using BmimF{P The keatapp Of myristic acid 1
conversion from the acylation of amino-alcoBdh n-hexane (357 mif) was 6- and 11-fold
higher than thek.a; app Of myristic acid1l conversion intert-amyl alcohol (58 mir) and in
Bmim [PFg] (33 min?), respectively (Table 3, entries 1 to 3). Theswilts are not surprising
given thattert-amyl alcohol and Bmim [P are the most polar of the three solvents used.
Indeed, the polarity of solvents is well known t@matically influence the catalytic activity
of enzymes [64-69]. Extremely or intermediary hyghidic polar solvents, such asrt-amyl
alcohol, interact with the absolute amount of watedispensable in the acquisition and the
maintenance of enzyme conformation. These solvsinig off water molecules from the
enzyme, resulting in either a change in the conédion and flexibility of the enzyme or a
negative effect on the transition state stabilig,ahus, on catalytic activity. Apart from their
potential interactions with water molecules, hydrtip polar solvents also interact with the
secondary structure of the enzyme via multiple bgdn bonds and via other strong
interactions. This can lead to an alteration in phetein conformation and thus a negative

effect on catalytic activity.

However, the lowkea,app Of myristic acidl conversion obtained in Bmim [BF(Table 3,
entries 3, 6 and 9) can also be explained by Imgitfiactors such as diffusion and mass-
transfer limitations associated with the high v&toof this ionic liquid [70, 71]. Moreover,
anions such as [RFcan strongly interact with the positively chargsites in theCandida
antarcticalipase B structure, potentially causing conforimadil changes [72]. In addition, it
must be taken into consideration that ionic liquioisn ion-pairs that can interact with both
the carboxyl group of fatty acid and amino groupsmino-alcohols. On a one hand, these
interactions could modulate the ionization statehef substrates and the enzyme and thus
affect catalytic activity. On the other hand, thewy stabilize substrate ionic form and

promote as a result the formation of an ion-painplex between both substrates. This would
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cause higher limitation of substrate availabilityBmim [PF] than inn-hexane andert-amyl

alcohol.

» Effect on the chemoselectivity

The chemoselectivity of the Novoz§ni35-catalyzed acylation of the three amino-alcshol
was evaluated using the chemoselectivity ratio(&g) (2)). The acylation of amino-alcotl

in n-hexane and Bmim [RFgave similar C values, close to 0.1 (Table 3riestl and 3), as
no ester3b was detected itert-amyl alcohol (Table 3, entry 2). In contrast, Gues of 539
and 10.5 were obtained for the acylation of amilwotaol 6 in n-hexane andert-amyl
alcohol, respectively (Table 3, entries 7 and &)emwonly trace amounts of amida were
detected in Bmim [P§f (Table 3, entry 9) (the experimental detectiomiti by LC-MS
analysis was 2iM). Similarly, C value of 6.61 was observed for theylation of amino-
alcohol 4 in tert-amyl alcohol (Table 3, entry 5) while amida was detected as trace
amounts not only in Bmim [PF6] but alsorirfhexane (Table 3, entries 4 and 6). According to
these data, Novozy™435 shows higher selectivity towarNisacylation of amino-alcohd?,
which has two carbons between the alcohol and argiooips. Moreover, we can also
conclude that Novozyth435 is more chemoselective fBracylation of substrate$ and6,
which are long chain amino-alcohols exhibiting famd six carbons between their alcohol

and amino groups, respectively.

In addition, the fact that the highles:, ap,0f O-acylation was obtained with amino-alcoltol
(Table 3, entries 7 to 9) in comparison with amiioshol4 (Table 3, entries 4 to 6) can be
explained not only by the increase in the carbaairckength but also by the fact that amino-
alcohol6 is a primary alcohol while amino-alcohlis a secondary one. Indeed, it has been
widely demonstrated in the litterature that lipas¢alyzed acylation of primary alcohols
generaly occurs with a higher catalytic activitarththe acylation of secondary alcohols [73-
75].
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3.2. Effect of the solvent and of the amino-alcobohcentration on the

production of acylated amino-alcohols catalyzedNmyozyri 435

(]

Time-course of alaninol acylation in tert-amyl ahod, n-hexane and Bmim [PF6]

Prior to study the Novozyf435-catalyzed acylation of amino-alcoh@)gt and6 in terms of
production at a fixed time, the reaction was cdrioeit in n-hexane tert-amyl-alcohol and

Bmim [PF], using 35 mM amino-alcohol and 175 mM myristidgdag, and monitored over

time.
S — (- o °l1 ©
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Fig. 2. Enzymatic acylation of alanind@ (35 mM) by myristic acidL (175 mM)in n-hexane
(A), tert-amyl alcohol (B) and Bmim [R (C): ester @), amide O) and amido-esterY).
Reactions were carried out at 55°C using 3 af INovozynf’ 435.

20 20 40 60

Time (hours)

80 40 60

Time (hours)

80

Fig. 2 shows the time-course of alani@acylation. During this reaction conducted in Bmim
[PFs] (Fig. 2C), esteBawas detected only as trace amounts. On the ottret, lamide8a was
the main product synthezisedti&rt-amyl alcohol at a stationary state reached afeh@urs
with a yield close to 100% (based on starting aahi2) (Fig. 2B), whereas it was
predominant only over the first 30 minutes and 84drh of reactions effected immhexane and
Bmim [PF], respectively (Fig. 2 A and C). After these timamide3a was then consumed to

the benefit of amido-est@c synthesis, which became the main product after @6shwith

22

100



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

yields close to 99% and 90% imhexane and Bmim [RF respectively (based on starting
alaninol2). Interestingly, this stationary phase was alshed after 96 hours for reactions
involving amino-alcoholgl and6, whatever the solvent (data not shown). On therdtland,

the time-course of the increase in amido-ester eingtion was clearly concomitant with the

decrease in amide concentration.

These results suggest that the synthesis of theécaester proceeds in two steps which might

follow two hypothetic sequences:

= (1) either theN-acylation of alanino? occurs first and is then followed by the
O-acylation of the amide synthesized in the firepst

= (2) or theO-acylation of alaninoR occurs first and is then followed by thie
acylation of the ester synthesized in the firspst€his second hypothesis
would, however, necessarily imply a reason to ntakeester undetectable all
along the reaction time-course. Two possibilitiesild explain this: either the
rate of esteN-acylation is at least as fast as the rate of atd@ O-acylation,
or the ester is transacylated into the amide kaatically controlled process
involving the formation of the acyl enzyme from tlester that would be
released by the attack of the amine, as reportetdfdiyer Kasche works to
describe the mechanism of amidase—catalyzed amiriatian using esters as

acyl donors [76].

Moreover, we focused in a previous work on the fkinanalysis of Novozyfh435-catalyzed
acylation of a mono-alcohol and a mono-amine stnadlly related to alanind carried out in
tert-amyl alcohol under similar experimental conditiokée demonstrated then that (R)-2-
butanolO-acylation rate was 22-fold faster than @ebutylamineN-acylation rate [60]. On

this basis, we would expect the ester intermediataccumulate in the reaction medium
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before being converted into the amido-ester, whighhowever, not the case: this ester
intermediate is detected at best as trace amoumisewer the reaction time or the solvent
tested. In addition, we have also shown thatNteeylation rates obtained for the enzymatic
acylation of bifunctionnal compounds such as l-meg2-propylamine and 1,2-
diaminopropane, catalyzed by NovoZy#35 intert-amyl alcohol at 55°C, were 8- and 38-
fold higher, respectively, than thBl-acylation rate of the related mono-aminged
butylamine) [77]. These bifunctionnal compounds streicturally related to alanin@ but
exhibit no alcohol group in their structure andsttaannot possibly b®-acylated. For this
reason, we formulated the following postulate fimiirgo-alcohol acylation: the presence of an
alcohol group inB-position of the amino group of the acyl acceptayuld result in the
enhancement in the rate lfacylation. This may be due to the formation ofretramolecular
interaction between the amino group and the alcgholip located ir-position, which is
strengthened by the fact that this interaction @¢aubt occur for amino-alcohok and 6,
considering the longer distance between both fanatigroups, giving as a result low rates of
N-acylation. In order to confirm and develop thisvngostulate, molecular modelling studies
were conducted to precisely understand the Nov6z@5-catalyzed\-acylation mechanism
using a methoxy-amine, a di-amine, a short chaimeasalcohol or a long chain amino-
alcohol as an acyl acceptor. These studies recésdlyto propose a new proton shuttle
reaction mechanism to explain chemoselectivityNovozyn® 435-catalyzedN-acylation of
alaninol2 and 4-amino-1-pentandl[26]. As a consequence, all these results seamldgmut
the hypothetic sequence 2 and suggest that theeaisid better substrate than the amino-
alcohol for enzymati®-acylation, especially when usimghexane: the highest amido-ester

3c synthesis rate of 7 mmol'ty® was obtained in this solvent.

Finally, to identify optimal, highly selective caitidns required to produce monoacylated and

diacylated compounds, the influences of the aminokel concentration and substrate molar

24



535

536

537

538

539

540

541
542

543

544
545

546
547

548

549

550

551

552

553

554

555

ratior ([myristic acidl]/[amino-alcohol]) were investigated. All experinterwere performed
using the same conditions as in section 3.1. Bg4.and 5 show the product distribution in
n-hexane, tert-amyl alcohol and Bmim [PRf solvents, respectively, after 96 hours of
Novozyn? 435-catalyzed acylation of amino-alcoh@s4 and 6. This reaction time was
chosen to reach a stationary phase for the praduct acylated amino-alcohols under all

experimental conditions such as previously desdribe

e Production of acylated amino-alcohols in n-hexane

r ([myristic acid 1] / [alaninol 2]) r ([myristic acid 1] / [4-amino-1-pentanol 4]) r ([myristic acid 1] / [6-amino-1-hexanol 6])
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Fig. 3. Effect of amino-alcohol concentration and substmaiblar ratior on the enzymatic
production of acylated amino-alcohols rirhexane, at 96 hours: estd®), amide O) and

amido-ester ¥). Reactions were carried out at 55°C using aminokmls2 (A), 4 (B) or6
(C), with a fixed concentration of myristic acdd175 mM) and 5 glof Novozynf 435.

The data in Fig. 3 demonstrate that the use-leéxane gives two major products, depending
on ther-value. At initial amino-alcohol concentrationsenibr or equal to 100 mM ¢& 1.75),

the selective production of amido-est8is 5¢ or 7c is improved, up to 49 mM for amido-
ester 3c production (56% vyield based on starting myristic acij. Amino-alcohol
concentrations superior to 100 mM € 1.75) enhances the production of monoacylated
compounds. The synthesis of amides from amino-als@hand4 reached 166 mM for amide

3a and 138 mM for amid&a (95% and 79% vyields based on starting myristid agiunder
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556 stoichiometric conditions (Fig. 3A and 3B). Moreoyvester3b was not detected and eshdr
557 was negligible. Hence, stoichiometric conditions #re optimal conditions for acylation of
558 amino-alcohol® and4, and favour both the synthesis yield and the clseteativity of amide
559 production. On the other hand, the production téré& from the longest amino-alcoh6l(6

560 carbons) (Fig. 3C) was improved and reached up8tan® (39% vyield based on starting
561 myristic acid 1) using 100 mM starting amino-alcoh@. Again, this change in the
562 chemoselectivity of Novozyfh435 at 96 hours, which is shown to be dependenthen
563 carbon chain length between the alcohol and ammooipg of the amino-alcohol, was in
564 accordance with its chemoselectivity under initiellocity conditions, previously described in
565 section 3.1. An interesting result of this studyiet should be highlighted, is the decrease in
566 the global conversion yield observed when a largess (350 mM) of amino-alcohal €

567 0.7) is used. This is true for all amino-alcoh@stéd. The decrease could be explained by the
568 formation of a non-reactive ion-pair complex betweeyristic acidl and the amino-alcohol
569 as also described in section 3.1. Other studies hlready demonstrated that the use of non-
570 polar solvents such ashexane promotes and stabilizes the formation dbaspair complex
571 because polar amino-alcohols are slightly soluddigvhile ion-pair complex forms of amino-
572 alcohols are highly solubilized in these solvert6]] This is due to the carboxylic acid
573 function playing the role of phase transfer agemtthe amino-alcohol, which improves its
574  solubility. The formation of this complex would ieed drastically affect the availability of

575 both substrates for the enzyme, especially in exoEthe amino-alcohol.

576 * Production of acylated amino-alcohols in tert-araidohol

577

578
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Fig. 4. Effect of amino-alcohol concentration and substmaiblar ratior on the enzymatic
production of acylated amino-alcoholstért-amyl alcohol, at 96 hours: est@®y, amide QO)

and amido-esterV). Reactions were carried out at 55°C using aminokmls2 (A), 4 (B)
or 6 (C), with a fixed concentration of myristic adiq175 mM) and 5 gof Novozynf 435.

Similar experiments were performed ustag-amyl alcohol as a polar protic solvent (Fig. 4).
The acylation of amino-alcohd in tert-amyl alcohol (Fig. 4A) leads predominantly to the
production of amidea and was enhanced by an increase in amino-al&leohcentration,
reaching a maximum value of 172 mM (98% yield basadstarting myristic acid) for
initial amino-alcohol2 concentrations superior or equal to 250 mM. Howegster3b was
not detected and the production of amido-e&erwas negligible. Acylation of amino-
alcohols4 and 6 (Fig. 4B and 4C) studies were also performed:redib and 7b were
detected and quantified although their productiemained low. On the other hand, the
production of amido-estefc and7c were predominant and reached maxima of 30 mM and
20 mM (34% and 23% yields based on starting myristid 1), respectively, for
concentrations in long chain amino-alcohol lowaartt50 mM ¢ > 3.5). The production of
amidesba and 7a was improved for concentrations higher than 50 (nM 3.5). Under the
best conditions used (250 mM starting amino-alcahot 6), production close to 53 mM of

amidesbaor 7a (30% yield based on starting myristic at)dwas reached.
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On the other hand, in contrast to the results nbthinn-hexane, no decrease of global yield
was observed itert-amyl alcohol when a large excess (350 mM) of araloohol (r < 0.7)
was used. This could be explained by the likely plete solubilization of substrates in this
solvent which would make the ion-pair complex fotima less favoured and less stable than
in n-hexane. Both substrates would be therefore moadladle for the enzymatic reaction

than inn-hexane.

In summary, amide production at 96 hours is impdoiretert-amyl alcohol for all amino-
alcohols tested, although acylation catalyzed bydsgnt® 435 of amino-alcohols exhibits
higher Keat,app Of O-acylationthan kea app Of N-acylation as described in section 3.1. These
results suggest that Novoz§nd35 favours the synthesis of the amide as a théynzmic
product whereas the ester, which is preferentiaiynthesized under initial velocity

conditions, can be considered as a kinetic product.

« Production of acylated amino-alcohols in Bmim JPF

r ([myristic acid 1] / [alaninol 2]) r ([myristic acid 1] / [4-amino-1-pentanol 4]) r ([myristic acid 1] / [6-amino-1-hexanol 6])
7 5 35 1,75 1,35 1 07 05 7 5 35 1,75 135 1 07 05 7 5 35 1,75 13 1 07 05
sl (A) (B) ©
E140
c
.9 120
T
5100
=4
8 a0
g /x\
O 60 /7 N
5w ~ 3
3 v N _w 000
S P -
0w’ P RS ORI AP M © K ¥ T 0 -
0 25 35 50 100 130 175 250 350 0 25 35 50 100 130 175 250 350 0 25 35 50 100 130 175 250 350
[alaninol 2] (mM) [ 4-amino-1-pentanol 4] (mM) [ 6-amino-1-hexanol 6] (mM)

Fig. 5. Effect of amino-alcohol concentration and substmablar ratior on the enzymatic
production of acylated amino-alcohols in Bmim PRt 96 hours: estel@®), amide O) and

amido-ester ¥). Reactions were carried out at 55°C using aminokmls?2 (A), 4 (B) or 6
(C), with a fixed concentration of myristic acdd175 mM) and 5 glof Novozynf 435.
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620 Finally, Bmim [PF] was tested as a solvent (Fig. 5). The use ofri®@Damino-alcohol (low
621 excess of myristic acitl, r = 1.75) in Bmim [PE] gave the highest amido-ester production of
622 all our experiments, reaching 77, 65 and 20 mMmoila-esters3c, 5¢c and7c (88%, 74% and
623 23% yields based on starting myristic add respectively. However, when amino-alcohol
624 concentration was higher than 130 miM<(1.35) a sharp decrease in amido-ester production
625 was observed. In contrast, the production of esirsand 7b (Fig. 5B and 5C) never
626 exceeded 20 mM (11% yield based on starting mgrestid1) and the production of amides
627 was enhanced when amino-alcohol concentrationasea: from 100 to 175 mM (1.75r>

628 1), reaching up to 74 mM of amidm (42% yield based on starting myristic adidunder

629 stoichiometric conditions.

630 4. Conclusion

631 In this work, we firstly evaluated the effect ofaotion solvent on the activity and
632 chemoselectivity ofNovozyn® 435 (immobilized Candida antarcticalipase B) for the
633 acylation of three amino-alcohols (alanir&l4-amino-1-pentanct and 6-amino-1-hexanol
634 6) using myristic acidl as an acyl donor. Our results suggest that therenatf the solvent
635 affects both the availability of substrates anddatalytic activity of the enzyme. In contrast,
636 we also found that the chemoselectivity of Novo2y#85 under initial velocity conditions is
637 mainly affected by amino-alcohol structure rathent by the reaction solvent. In particular,
638 we have shown that tHea,app0f N-acylation is improved when using the short chanmin®-
639 alcohol alaninoR whereas th&a:app0f O-acylation is improved when using the longer chain
640 amino-alcohols 4-amino-1-pentarbhnd 6-amino-1-hexandl This demonstrates the strong
641 influence of substrate structure on the chemoseigcof Novozynt® 435, and provides new
642 insights into the selective synthesis of amidesesters produced from the acylation of

643 bifunctional substrates.
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Furthermore, we also investigated the impact ofnarailcohol structure, solvent nature and
substrate molar ratio on enzymatic production oletdiat a stationary state after 96 hours of
reaction. From a general point of view, our worleatly demonstrates clearly that the
production of acylated amino-alcohols catalyzed Ngvozyn® 435 after 96 hours is

markedly influenced by three main parameters:

Reaction solventtert-amyl alcohol improves the production of amides 5a and7a
while Bmim [PF] favours the formation of amido-esté&tgand5a.

[myristic acid1]/[amino-alcohol] molar ratior(): under stoichiometric conditions and
in excess of the amino-alcohot € 1) in tert-amyl alcohol andn-hexane, the
production of monoacylated amino-alcohols is img@in most cases. On the other
hand, a large excess of myristic atidr > 1) enhances amido-ester productiom4n
hexane and Bmim [RF

Amino-alcohol structure: chemoselective productidmmonoacylated amino-alcohols
is markedly affected by the amino-alcohol structitsingn-hexane and in excess of
amino-alcohol, amide production from alani2ahnd ester production from the longer

chain amino-alcohol 6-amino-1-hexarolere favoured.

Together with our previously published work [60],Afese data give a clearer understanding
of the parameters affecting the NovoZy/#B5-catalyzed acylation of amino-alcohols, which
is important in order to maximize both the yieldslahe chemoselectivity of these reactions.
In addition,n-hexane andert-amyl alcohol used as solvents in this work careptilly be
replaced by other organic solvents with similar pendies but considered as more

environmentally friendly, such as for example: opentane antert-butanol.

As prospect, it is also conceivable to test thiu@rfce of other parameters to modulate lipase

properties, for example the use of various supgorisnmobilize Candida antarcticdipase
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B. Indeed, the use of various immobilization praisdo produce a biocatalyst starting from a
particular lipase has been shown to significantigaing its catalytic activity and selectivity,
depending on the solvent used [28-29]. On the dthed, it would also be interesting to test
other lipases as biocatalysts, such as for instBhémucor miehdipase which has already

been used to acylate amino-alcohol substrates [5].
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