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Abstract:

Monoacyl and diacyl trehalose were synthesized in two steps from trehalose and carboxylic
acids. The carboxylic acids were converted first into the corresponding 2,2,2-trifluoroethyl
esters through a biocatalyzed esterification. The acyl donor was then transferred to the
disaccharide through biocatalyzed transesterification. Thanks to microwave reaction
conditions the transesterification proceeded selectively to the monoacyl trehalose or to the
diacyl counterparts depending on the sole amount of acyl donor. These reaction conditions
applied also for the preparation of unsymmetrical diacyl trehalose in a fully enzymatic

sequence.
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1. Introduction

Biocatalysis is nowadays part of the organic chemist toolbox for the design of synthetic
schemes. It offers several advantages such as mild reaction conditions, selectivity, reduction of
protection/deprotection steps and limited uses of toxic reagents or solvents. Indeed, the
development of efficient biocatalysis processes dramatically enhances organic synthetic
schemes. Among enzymatic processes, lipase mediated esterification is one of the most studied
with the aim of reducing environmental impact of such chemical transformation that classically
required acyl chlorides or toxic coupling agents.' Lipases are used for numerous purposes such
as kinetic resolution of asymmetric compounds,”® hydrolysis’ or alcoholysis® ? of triglycerides,
modification of saccharides'®'® and polysaccharides'. The last two examples are of importance
as they lead to various types of biologically active glycolipids. Indeed lipases are usually
selective for the primary alcohol of hexosides which is useful for a selective protection with an
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acyl group'™"” or for the selective functionalization of the C6 position with various acyl

chains'%'?

. However, enzymatic esterifications often lead to moderate yields due to the
equilibrium with the hydrolysis pathway. To circumvent this drawback, one would prefer
transesterification of vinyl or alkyl esters in low water content media. This transesterification
is much more efficient displacing the equilibrium towards the formation of the desired ester,
the release of aldehydes or less nucleophilic alcohols being the driving force of the reaction.
Although the conversion yield is higher, this strategy definitely introduces a chemical step for
the preparation of the required starting vinyl or alkyl esters.

We describe hereafter a fully enzymatic esterification/transesterification sequence applied to
the preparation of glycolipids. It includes the preparation of the acylating agent and its reaction
on an alcohol function both with the same enzymatic strategy. We developed this strategy on
trehalose which is an important disaccharide involved for instance in the cell wall of
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mycobacteria. Indeed, this sugar has two primary hydroxyl groups and the corresponding



21-24 :
Besides, trehalose

mono and diesters are active compounds against this microorganism.
lipids have gained increased interest as biosurfactants for their potential applications in
bioremediation technologies and oil/petroleum industry, and in biomedical/healthcare industry
as antimicrobial and therapeutic agents.” Until now the preparation of such glycolipids requires

2629 and lipase mediated esterifications are not efficient enough, conducing

multi-step synthesis
only to monoester derivatives®® or to diesters compounds but in a long reaction time®'. The
synthetic scheme described here, includes two consecutive lipase-mediated steps starting from
fatty acid and trehalose. A 2,2,2-trifluoroethyl ester would be prepared by an enzymatic
esterification and this ester would be involved in an enzymatic transesterification step leading
to the final glycolipid (Scheme 1). Trifluoroethyl esters have several advantages in terms of
reactivity (good leaving group) and of access from trifluoroethanol. The challenge is 1) to
develop an efficient enzymatic access to 2,2,2-trifluoroethyl esters, and ii) to control the

transesterification process towards the selective preparation of diacyl and/or monoacyl

trehalose opening the access to unsymmetrical derivatives.
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Scheme 1. Fully enzymatic strategy towards the selective esterification of trehalose.

2. Results and discussion

Lipase mediated transesterifications are dramatically improved when the starting ester is
derived from vinyl or 2,2,2-trifluoroethyl moieties for instance. Among them we have chosen
to work on 2,2,2-trifluoroethyl esters due to the availability 2,2,2-trifluoroethanol and their

1 2-34 . . .
3 323% and non-enzymatic® transesterification

common use as acyl donor in enzymatic
reactions. These esters are classically prepared by reaction of 2,2,2-trifluoroethanol on activated
carboxylic acid derivative such as acyl chloride or anhydride, or using Steglich esterification
conditions (DCC/DMAP)."**** No biocatalyzed methodology has been described so far. The
development of a lipase mediated access to 2,2,2-trifluoroethyl esters would therefore result in
a fully enzymatic two-step esterification process. We first optimized reaction conditions on

linoleic acid by screening the type of lipase, solvent, type of activation (thermal or microwave)

and amount of 2,2,2-trifluoroethanol (Table 1). To limit as much as possible the hydrolysis of



the newly formed ester, all reactions were carried out in the presence of molecular sieves (MS
4 A) that trapped the released water. The results of this optimization are gathered in Table 1.
Four lipases were selected: immobilized Candida antartica Lipases A and B (CAL-A (Imb)
and CAL-B (Imb)), Candida rugosa Lipase (CRL) and porcine pancreas lipase (PPL). Under
thermal activation (A, 46 °C), among these four lipases, CAL-B afforded the best yields after
12h of reaction in --BuOH (74%) and in the presence of 5 equivalents of CF;CH,OH (Entries
1-4). Thus, we continued the study with CAL-B (Imb). Changing the solvent to toluene led to
a very poor yield (<5%, entry 5) while THF and n-hexane provided lower yields (respectively
65% and 52%, entries 6-7). Indeed, +-BuOH represents a good compromise in terms of
hydrophilicity and hydrophobicity. The use of 10 equivalents of CFsCH,OH instead of 5 gave
a similar yield (72%), however reduction to 2 equivalents found the limit of the reaction and
led to a poorer yield of 35% (Entries 8-9). Microwave activation is known to accelerate lipase
mediated hydrolysis, esterification or transesterification. > * ™ *** We thus switched from
thermal to microwave activation (180 W) but keeping the same reaction temperature (46 °C).
We were pleased to observe complete reactions after 1h instead of 12 h and in addition to
increased yields (Entries 10-12). Indeed, whatever the solvent CAL-B (Imb) mediated
esterifications were more efficient (Entries 10-12). As for the thermal activation, a maximum
yield was reached in --BuOH (82%, entry 12). It is noteworthy that similar yields were obtained
under thermal or microwave conditions, the later impacted more the reaction time than the
reaction yield. Again, attempts to reduce to 2 equivalents of CF;CH,OH gave a lower yield

(42%, entry 13), so that 5 equivalents were optimal for this reaction.



Table 1. Optimization of the enzymatic esterification of linoleic acid into 2,2,2-trifluoroethyl

linoleate
§  Liase OF,CHAOH MS 44 i
—__ = — /\/\/A/Z\(\g)k ~
w OH  solvent, conditions - 0T "CFy
CF;CH,OH
Entry | Lipase Solvent Conditions Yield (%)
(equiv.)
1 CAL-A 5 t-BuOH 12 h, A, 46 °C 10
2 PPL 5 t-BuOH 12 h, A, 46 °C 20
3 LCR 5 t-BuOH 12 h, A, 46 °C 10
4 CAL-B 5 +-BuOH 12 h, A, 46 °C 74
5 CAL-B 5 toluene 12 h, A, 46 °C <5
6 CAL-B 5 THF 12 h, A, 46 °C 65
7 CAL-B 5 n-hexane | 12 h, A, 46 °C 52
8 CAL-B 10 t-BuOH 12 h, A, 46 °C 72
9 CAL-B 2 t-BuOH 12 h, A, 46 °C 35
10 CAL-B 5 THF 1 h, Mw 180 W, 46 °C 73
11 CAL-B 5 n-hexane | 1h, Mw 180 W, 46 °C 59
12 CAL-B 5 t-BuOH 1 h, Mw 180 W, 46 °C 82
13 CAL-B 2 t-BuOH 1 h, Mw 180 W, 46 °C 42

Therefore, optimized conditions were settled as follow: CAL-B (Imb) lipase in the presence of
5 equivalents of CF3CH,OH, molecular sieve (4 A) in +-BuOH and under a microwave
activation of 1 h (180 W, 46 °C) (Scheme 2). These conditions were applied to other linear fatty
acids 1 (oleic and erucic acids) with similar yields (2a-c¢, 75-82%). Surprisingly, the

esterifications of branched fatty acids 1d-e were performed in a n-hexane/-BuOH : 1:1 mixture



in order to reach good conversions (2d-e, 59-68%). Concerning these two branched carboxylic
acids we suppose that they do not fit perfectly within the catalytic site of the enzyme explaining

the slightly lower yields.

j\ CAL-B, CF3CH,0H 5 equiv. )O]\
—_— >
R™ "OH  t-BuOH or n-hexane, MS 4A R OACF3
1 microwave 180 W, 46°C, 1h 2
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Scheme 2. Enzymatic esterification of fatty acids into 2,2,2-trifluoroethyl esters.

Having the activated esters in hands, we further studied the biocatalyzed monoacylation and
diacylation of trehalose. This sugar is a a,0-1,1-disacharide of D-glucose. Its structure reveals
two primary hydroxyl functions that are the less sterically hindered and the more nucleophilic
sites.*® Depending on the number of equivalent of fatty ester or on the reaction conditions one
can expect mono (3) and diacylation (4) of trehalose (Table 2).

Based on the esterification procedure described above, reactions were carried out with the same
lipase (CAL-B (Imb)) in ~-BuOH, in the presence of activated molecular sieves and at 51 °C
under thermal and microwave activation with linoleic acid or the corresponding 2,2.2-

trifluoroethyl linoleate as acylating agent. As previously observed,’* >’

the direct acylation of
trehalose with 1.1 or 4 equivalents (Table 2, Entries 1-2) of carboxylic acid 1a (R = H) were

inefficient or required long reaction time. Almost no diacyl trehalose 4a was formed even in



the presence of 4 equiv. of acid 1a, only the monolinoleate 3a was isolated in 42% yield.
Moreover, with 1.1 equivalents, only traces of monoacyl derivative 3a were obtained.

We therefore envisaged an in situ activation of the fatty acid by addition of CF;CH,OH into the
reaction media following our optimized protocol. Interestingly, 4 equivalents of linoleic acid
1a in the presence of 5 equivalents of CF;CH,OH gave selectively after 2 h of reaction the
monoacyl derivative 3a in 65% yield and only traces of diacyl compound 4a (Entry 3). It is
noteworthy that this in situ procedure gave both better yield and selectivity compared to the
reaction carried out without CFsCH,OH (Mono 42%, D1 15% entry 2). It revealed that the
acylation of trehalose proceeded at least partly through a transesterification of the in situ formed
2,2,2-trifluoroethyl ester. Therefore, this transesterification is responsible for the high

selectivity towards a monoacylation. Thus, we envisaged the stepwise esterification.

Table 2. Enzymatic esterification of linoleic acid and trehalose

OH CAL-B (Imb), t-BuOH, OH
trehalose R
HowOH MS 4A, 51°C )LM/_\/_\/\/\

OH O NG
"fo
0
HO
0

OH
OH
Yield (%)
Entry | Equiv. | Conditions
Mono 3a | Di4a trehalose
1 1.1 Microwave, 2 h | traces - 90
2 4 Microwave, 2 h | 42 15 35
3? 4 Microwave, 2h | 65 traces 10




a) The reaction was carried out in the presence of 5 equiv. of CF;CH,OH

In the presence of 1.1 equiv. of 2,2,2-trifluoroethyl linoleate 2a, our reaction conditions led to
the monoacyl trehalose 3a in 73% yield after 1h under microwave activation (Entry 4). It
confirmed that the transesterification of trehalose occurred selectively towards the formation of
the sole monoacylated trehalose 3a. In the presence of 4 equiv. of 2,2,2-trifluoroethyl linoleate
2a, the transesterification proceeded smoothly towards the diacyl derivative both under thermal
(Entry 5) and microwave (Entry 6) activations. Again the reaction was much more efficient

under microwave (180 W) leading to the diacyl trehalose 4a in 85% yield (Entry 6).

Table 3. Enzymatic transesterification of linoleic acid 2,2,2-trifluoroethyl ester by trehalose

OH CAL-B (Imb), t-BuOH, OH
trehalose o g (0]
HO%OH MS 42, 51°C )LM/_\/_\/\/\

OH 0 o
"fo
o
HO
0

OH
OH
Yield (%)
Entry | Equiv. | Conditions
Mono 3a | Di4a trehalose
1 1.1 Microwave, 1 h | 73 traces <5
2 4 Thermal, 18h 15 62 20
3 4 Microwave, 1 h | <5 85 <5
4* 4 Microwave, 1h | 0 0 100

a) The reaction was carried without enzyme



Therefore, transesterification conditions were established for the selective mono- or diacylation
of trehalose in the case of linoleate derivatives. The diacylation conditions were successfully
applied to other fatty acid 2,2,2-trifluoroethyl esters (2) such as oleic (2b) or dicyclopropaneted
stearic (2f) leading to the corresponding diacyl trehalose 4 in good yields (4a-b,f, 82-91%)
(Scheme 3). The branched esters (2d-e) provided the diacyl trehalose (4d-e) in lower yields
ranging from 33 to 38%. As for the esterification step described above, the lipase (CAL B)
would have a reduced activity with such branched esters due to unfavorable steric hindrance
within the active site affording lower yields compared to linear fatty chains. Interestingly, ester

2f bearing 2 cyclopronane moieties is a good model of mycolic acid conjugates. This ester was

. - 47,4
prepared from the linoleate 2a after adaptation of a known procedure.*” **
X
HO 0 0 4 equiv. 0" 'R
HOHO R O/\CF3 HO O
Ho | > HO o)
OH CAL-B (Imb), t-BuOH or n-hexane, HO (@] J\
trehalose 1o\ OH Mw 180W, MS 4A, 51°C, 1h o 0" R
OH 4 HO OH

R=

7

/\/\/q/:\(\%}ﬁ 4a, 85% /\/E/‘ziz 4d, 38%
\/\/\/\/:\(\a}‘z 4b, 91%

7 /\/m/‘ziz 4e, 33%
/\/\/A\A(vf% 4f, 82%
7

Scheme 3. Enzymatic diacylation of trehalose
Since the reaction conditions developed here can yield selectively mono trehalose conjugates

we subsequently evaluated the ability of this approach for the synthesis of unsymmetrical

diester derivatives (Scheme 4). This type of trehalose glycolipids, such as maradolipid, are
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found in several organisms and require multistep synthesis or the use of coupling agents
(TBTU).**** As a proof of concept, we developed the synthesis of the unsymmetrical diacyl
trehalose 5 following our fully enzymatic sequence without any protection/deprotection steps.
As mentioned here before (Table 2, entry 4), the reaction of a first 2,2,2-trifluoroethyl linoleate
(1.1 equiv.) gave the monoacyl trehalose 3a (Scheme 4, 73%). Starting from this isolated
monolinoleyl trehalose 3a, the second acylation was performed with 3 equivalents of 2,2,2-

trifluoroethyloleate 2b leading to the desired unsymmetrical diacyl trehalose 5 in 78% yield.

HO 2a, 1.1 equiv. (0] )wq/w
HO (0] /\/\/;/:\(\aj\ A~ 0] 7
20 07 "CFy 0
HO HO
o - HO
OH HO
vaH CAL-B (Imb), -BuOH, (o] o
HO Mw 180W, MS 4A, 51°C, 1h
trehalose HOWOH 3a, 73%

OH
OH
2b, 3 equiv. o
CAL-B (Imb), t-BuOH,
\/\/\/\/:\(\aj\o/\c'rs Mw 180W, MS 44, 51°C, 1h
7
o}

Scheme 4. Access to unsymmetrical diacyl trehalose by stepwise enzymatic acylations.

Finally, to gather more information on these enzymatic esterification/transesterification
reactions, we performed additional kinetic and residual activity experiments. After 2h of
reaction (microwave or thermal activation), the immobilized CALB was involved in the
hydrolysis of a p-nitrophenyl linoleate. The colorimetric follow up of this hydrolysis clearly
demonstrated that the enzyme is still active after exposure to the reaction conditions used in

this work (See supporting information). We also determined the kinetic parameters of the
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esterification of linoleic acid with 2,2,2-trifluoroethanol. The impact of the quantity of both
substrates on the initial rate of the reaction was evaluated using the Michaelis-Menten model
(See supporting information). First the initial reaction rates (V0) increased with increasing
concentration of either the acid or the alcohol. It demonstrated that no inhibition occurred by
both substrates of the lipase or by the ester formed. The double reciprocal plot or Lineweaver-
Burk plot 1/VO0 versus the reciprocal of linoleic acid concentration at fixed trifluoroethanol
concentration showed a set of parallel lines characteristic of a Ping-pong bi-bi mechanism. Such
mechanism has been generally found with soluble or immobilized lipase. The resulting
calculation for Km of both substrates gave the value of 0.7 mol.L™' for the linoleic acid and 0.9
mol.L™" for the trifluoroethanol. It means that both substrates bind to the enzyme with the same
affinity. This low affinity is linked to the nature of the lipase, and its interfacial mechanism.

They are conforming to the ones found in the literature.”®>*

3. Conclusion

The fully enzymatic strategy developed herein allowed the straightforward and efficient
synthesis of trehalose glycolipid derivatives which represent important class of biologically
active molecules. The final diacyl trehalose were obtained by a lipase mediated
transesterification with 2,2,2-trifluoroethyl fatty esters. The choice for this later was particularly
appropriate as it made possible the development of an enzymatic approach to the corresponding
2,2, 2-trifluoroethyl fatty esters so that a unique biocatalyst was used for a two-step
esterification/transesterification reaction. Thus, this work renews the access to symmetrical and
also unsymmetrical diacyl trehalose compounds in an environmentally friendlier manner

avoiding any classical esterification step.

4. Experimental
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4.1 General methods

All reactions were carried out in oven-dried glassware. Optical rotations were measured at 20
°C on a Perkin-Elmer 341 polarimeter. NMR spectra were recorded on a Bruker Avance 111 400
spectrometer operating at 400.13 MHz for 'H and 100.61 MHz for '*C. Chemical shifts are
given in 0 units (ppm) and referenced to CD;OD or CDCIl;. Coupling constants J were
calculated in Hertz (Hz). MS spectra were recorded on a Waters Micromass Q-TOF equipped

with a Z-spray ion source.

4.2. General procedure for preparation of 2,2,2-trifluoroethyl fatty esters. Carboxylic acid
(1 equiv., typical quantity 100 mg), 2,2,2-trifluoroethanol (5 equiv.) and lipase (Immobilized
CAL B, 93 mg per mmol of carboxylic acid, 3000 U/g) were placed in -BuOH in the presence
of activated molecular sieves (4A) and under nitrogen atmosphere. The reaction mixture was
placed in a microwave oven using a temperature control mode (180 W, 46 °C) for 1h. The
supported lipase was removed by filtration and the solvent was removed under reduced
pressure. The residue was purified by flash chromatography on silica gel (Cyclohexane/EtOAc)

to afford the required compound.

2,2,2-trifluoroethyl linoleate 2a

The general procedure for the preparation of 2,2,2-trifluoroethyl esters has been applied to the
synthesis compound 2a. The titled compound was isolated as a colorless oil in 82% yield. 'H
NMR (400 MHz, CDCl3) & (ppm) 5.45- 5.27 (4H, m), 4.46 (2H, q, Ju.r= 8.5 Hz), 2.84-2.68
(2H, m), 2.41 (2H, t, J = 7.5 Hz), 2.10-1.94 (4H, m), 1.66 (2H, m), 1.42-1.21 (14H, m), 0.88
(3H, t, J = 6.9 Hz); °C NMR (100 MHz, CDCls) & (ppm) 172.28, 130.38, 130.14, 128.23,
128.03, 123.17 (q, Jc.r =277.1 Hz), 60.27 (q, Jc.r = 36.6 Hz), 33.79, 31.68, 29.71, 29.50, 29.23,

29.20, 29.08, 27.36, 27.32, 25.78, 24.83, 22.73, 14.22; HRMS m/z calcd for C,H;,O.F;Na
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[M+Na]": 385.2325, found: 385.2329.

2,2, 2-trifluoroethyl oleate 2b

The general procedure for the preparation of 2,2,2-trifluoroethyl esters has been applied to the
synthesis compound 2b. The titled compound was isolated as a yellowish oil in 80% yield. 'H
NMR (400 MHz, CDCls) 6 (ppm) 5.44-5.28 (2H, m), 4.45 (2H, q, Ju.r = 8.5 Hz), 2.40 (2H, t,
J=17.5Hz),2.10-1.92 (4H, m), 1.71-1.59 (2H, m), 1.41-1.18 (20H, m), 0.87 (3H, t, J= 6.6 Hz);
C NMR (100 MHz, CDCl3) & (ppm) 172.21, 130.16, 129.81, 123.16 (q, Jo.r = 277.1 Hz),
60.24 (q, Jcr = 36.5 Hz), 33.75, 32.07, 29.92, 29.80, 29.68, 29.48, 29.23, 29.19, 29.09, 27.36,
27.35, 27.28, 24.84, 22.83, 14.21; HRMS m/z caled for C,HyO.F;Na [M+Na]": 387.2481,

found: 387.2480.

2,2,2-trifluoroethyl erucate 2¢

The general procedure for the preparation of 2,2,2-trifluoroethyl esters has been applied to the
synthesis compound 2¢. The titled compound was isolated as a colorless oil in 75% yield. 'H
NMR (400 MHz, CDCls) 6 (ppm) 5.44-5.30 (2 H, m), 4.45 (2 H, q, Ju.r = 8.5 Hz), 2.40 (2 H,
t,J=7.5 Hz), 2.06-1.91 (4 H, m), 1.72-1.59 (2 H, m), 1.39-1.15 (28 H, m), 0.87 (3 H, t, /= 6.8
Hz);'*C NMR (100 MHz, CDCls) & (ppm) 172.16, 130.52, 130.48, 123.19 (q, Je.r = 277.1 Hz),
60.22 (q, Jcr = 36.6 Hz), 33.75, 32.78, 32.11, 32.07, 29.84, 29.81, 29.75, 29.71, 29.59, 29.56,
29.52, 29.36, 29.32, 29.14, 27.08, 24.86, 22.86, 14.19; HRMS m/z calcd for C,,H,;O.F;Na

[M+Na]': 443.3107, found: 443.3109.

2,2,2-trifluoroethyl 2-ethylhexanoate 2d
The general procedure for the preparation of 2,2,2-trifluoroethyl esters has been applied to the

synthesis compound 2d. The titled compound was isolated as a yellowish oil in 68% yield. 'H
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NMR (400 MHz, CDCL3) & (ppm) 4.47 (2H, q, Jir = 8.5 Hz), 2.42-2.33 (1H, m), 1.71-1.38
(4H, m), 1.37-1.17 (4H, m), 0.89 3 H, t, J= 7.5 Hz), 0.87 (3 H, t, J = 7.3 Hz); '*C NMR (100
MHz, CDCls) & (ppm) 174.85, 123.20 (q, Je.r = 278.1 Hz), 59.98 (q, Je.r = 36.4 Hz), 47.09,
31.68, 29.56, 27.06, 25.44, 22.67, 13.94, 11.71; HRMS m/= caled for C,,H,,O.F.Na [M+Na]:

249.1073, found: 249.1075.

2,2,2-trifluoroethyl 2-hexyldecanoate 2e

The general procedure for the preparation of 2,2,2-trifluoroethyl esters has been applied to the
synthesis compound 2e. The titled compound was isolated as a colorless oil in 59% yield. 'H
NMR (400 MHz, CDCls) 6 (ppm) 4.46 (2H, q, Ju.r = 8.5 Hz), 2.51-2.36 (1H, m), 1.69-1.54
(2H, m), 1.55-1.38 (2H, m), 1.35-1.15 (20H, m), 0.89 (6 H, t, J= 6.6 Hz); >C NMR (100 MHz,
CDCls) & (ppm) 174.99, 123.22 (q, Jcr = 277.2 Hz), 59.98 (q, Jcr = 36.5 Hz), 45.56, 32.45,
32.01,31.79,29.62,29.55,29.38,29.29,27.43,27.39,27.07,22.81,22.71, 14.18, 14.12; HRMS

m/z calcd for C;sH330,F;Na [M+Na]+: 361.2325, found: 361.2329.

2,2,2-trifluoroethyl 9,12-dicyclopropylstearate 2f

Under nitrogen atmosphere a solution of 2a (0.20 g, 0.55 mmol) in dry CH,Cl, (2 mL) was
cooled down to -23 °C, and diethyl zinc (1.0 M solution in hexane, 3.3 mL, 3.3 mmol) was
added. The reaction mixture was stirred at the same temperature for 5 min before the dropwise
addition of diiodomethane (0.5 mL, 5.5 mmol). After 12 hat-23 °C to 0 °C, the reaction mixture
was treated with aqueous NH4Cl and extracted with Et,O. The combined organic phases were
washed with saturated aqueous NaHCO; and brine and were dried over MgSO,4. The solvent
were removed under reduced pressure and the residue was purified by flash chromatography on
silica gel (Cyclohexane/EtOAc) to afford ester 2f (0.2 g, 78%). 'H NMR (400 MHz, CDCls) &

(ppm) 4.45 (2H, q, Ji.r = 8.5 Hz), 2.40 (2H, t, J= 7.5 Hz), 1.71-1.61 (2H, m), 1.54-1.22 (18H,
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m), 1.21-0.98 (2H, m), 0.89 (3H, t, /= 7.1 Hz), 0.86-0.53 (6H, m), (-0.22)-(-0.34) (2H, m); "*C
NMR (100 MHz, CDCls) § (ppm) 172.22, 123.17 (q, Jor = 277.1 Hz), 60.23 (q, Jer = 36.6
Hz), 33.77, 32.06, 30.26, 30.05, 29.55, 29.38, 29.14, 29.05, 28.88, 28.19, 28.04, 24.85, 22.88,
16.20, 16.07, 16.02, 15.81, 15.75, 14.22, 11.16, 10.98; HRMS m/z caled for C..H.O.F.Na

[M+Na]": 413.2638, found: 413.2642.

4.3. General procedure for the acylation of trehalose.

General procedure. Trehalose (1 equiv., typical quantity 30 mg), acyl donor and lipase
(immobilized CAL B, 126 mg per mmol of trehalose, 3000 U/g) were placed in --BuOH under
nitrogen atmosphere and in the presence of activated molecular sieves (4 A, 10% w/w). The
reaction mixture was placed in a microwave oven under temperature control (180 W, 51 °C) for
1 h. The supported lipase was removed by filtration and the solvent was removed under reduced
pressure. The residue was purified by flash chromatography on silica gel (CH,Cl,/MeOH) to

afford required compounds.

6-linoleoyl trehalose 3a

The general procedure has been applied to the synthesis of monoester 3a. The titled compound
was isolated as acolorless oil in 73% yield. [a]*p +7.3 (¢ 1.0; MeOH); 'H NMR (400 MHz,
CDCI3/CDsOD : 1:1) & (ppm) 5.40-5.23 (4H, m), 5.09 (2H, dd, J=12.0, 3.7 Hz), 4.33 (1H, dd,
J=12.0, 2.2 Hz), 4.23 (1H, dd, J = 12.0, 4.9 Hz), 3.99 (1H, ddd, J =10.2, 4.8, 2.2 Hz), 3.87-
3.74 (4H, m), 3.72-3.61 (2H, m), 3.50 (2H, td, J = 10.2, 3.7 Hz), 3.42-3.27 (4H, m), 2.74 (2H,
t,J=6.3 Hz),2.33 (2H, t, J= 7.5 Hz), 2.03 (4H, dt, J= 8.5, 6.4 Hz), 1.59 (2H, q, /= 7.3 Hz),
1.39-1.21 (14H, m), 0.87 (3H, t, J = 6.8 Hz); °C NMR (100 MHz, CDCIl/CD;OD : 1:1) &

(ppm) 175.17,130.61, 130.48, 128.62, 128.51, 94.54, 94.41, 73.94, 73.72, 73.11, 72.47, 72.40,
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71.31,71.09,70.71, 63.85, 62.24, 34.66, 32.12, 30.21, 29.94, 29.80, 29.72, 27.74, 26.16, 25.47,

23.13, 14.31; HRMS m/z calcd for C30Hs,O1,Na [M+Na]+: 627.3351, found: 627.3350.

6,6’-dilinoleoyl trehalose 4a

The general procedure has been applied to the synthesis of diester compound 4a. The titled
compound was isolated as a white solid in 85% yield. mp: 121-123 °C; [a]*p +5.9 (¢ 1.0,
MeOH); '"H NMR (400 MHz, CDCl3) & (ppm) 5.31-5.13 (8H, m), 4.97 (2H, d, J = 3.7 Hz),
4.24-4.10 (4H, m), 4.00 (7H, s), 3.85 (2H, ddd, J=10.1, 4.7, 2.5 Hz), 3.75 (2H, t, /= 9.4 Hz),
3.42 (2H, dd, J=9.8, 3.7 Hz), 3.31-3.19 (2H, m), 2.68-2.60 (3H, m), 2.21 (4H, t, /= 7.6 Hz),
1.92 (7H, d, J = 6.9 Hz), 1.48 (4H, m), 1.29-1.08 (29H, m), 0.76 (6H, t, J= 6.9 Hz); °C NMR
(100 MHz, CDCI5/CDsOD: 1:1) 6 (ppm) 174.65, 130.27, 130.08, 128.14, 127.98, 93.60, 73.14,
71.71,70.36, 70.14, 63.27, 34.19, 31.60, 29.71, 29.42,29.31, 29.24,29.22,27.28, 27.27, 25.70,

24.92,22.65, 14.06; HRMS m/z caled for C43Hg,O13Na [M+Na]': 889.5648, found: 889.5646.

6,6’-dioleoyl trehalose 4b

The general procedure has been applied to the synthesis of diester 4b. The titled compound was
isolated as a yellowish solid in 91% yield. mp: 153-154 °C; [0]*’p +6.5 (¢ 0.8; MeOH); 'H
NMR (400 MHz, CDCIl5/CDsOD : 1:1) § (ppm) 5.40-5.24 (4H, m), 5.07 (2H, d, J = 3.8 Hz),
4.32 (2H, dd, J=12.0, 2.3 Hz), 4.23 (2H, dd, J = 12.0, 5.1 Hz), 3.96 (2H, ddd, J=10.2, 5.1,
2.3 Hz),3.75 (2H, dd, J=9.7, 8.9 Hz), 3.49 (2H, dd, J=9.7, 3.8 Hz), 3.38-3.33 (4H, m), 2.32
(4H, t, J = 7.5 Hz), 2.08-1.89 (7H, m), 1.60 (4H, m), 1.39-1.16 (39H, m), 0.86 (6H, t, J = 6.9
Hz); *C NMR (100 MHz, CDCl3/CD;0D : 1:1) & (ppm) 175.15, 130.48, 130.26, 94.33, 73.96,
72.36,71.08,70.71, 63.88, 34.68, 33.13,32.48, 30.31, 30.27, 30.25, 30.21, 30.18, 30.07, 30.05,
29.92,29.89, 29.84, 29.83, 29.76, 29.70, 29.67, 27.72,27.69, 25.46, 23.21, 23.19, 14.34, 14.32;

HRMS m/z calcd for C4gHgsO13Na [M+Na]+: 893.5961, found: 893.5969.
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6,6’-diethylhexanoyl trehalose 4d

The general procedure has been applied to the synthesis of monoester 4d (n-hexane/t-BuOH
was used instead of t-BuOH alone). The titled compound was isolated as a white solid in 38%
yield. mp: 181-183 °C; [a]*’p +4.7 (¢ 1.0; MeOH); 'H NMR (400 MHz, CD;0D) & (ppm) 5.05
(2H, dd, J=3.7, 1.5 Hz), 4.41 (2H, dd, J=11.8, 2.1 Hz), 4.21 (2H, dd, J=11.9, 5.2 Hz), 4.01
(2H, ddd, J=10.1, 5.2, 2.1 Hz), 3.79 (2H, dd, /=9.8, 8.8 Hz), 3.46 (2H, ddd, /=9.8,3.8, 1.4
Hz), 3.40-3.32 (2H, m), 2.30 (2H, tt, /= 8.9, 5.3 Hz), 1.70-1.42 (8H, m), 1.42-1.22 (14H, m),
0.95-0.84 (12H, m); °C NMR (100 MHz, CD;0D): 8¢ 177.95, 95.08, 74.58, 73.17, 71.99,
71.94,71.53, 64.13, 64.06, 54.80, 32.99, 32.96, 32.14, 30.75, 30.70, 30.08, 26.63, 26.59, 23.69,
23.67, 14.35, 14.33, 12.21, 12.18; HRMS m/z calcd for C,sHs50O3Na [M+Na]": 617.3144,

found: 617.3155.

6,6’-dihexyldecanoyl trehalose 4e

The general procedure has been applied to the synthesis of monoester 4e (n-hexane/t-BuOH
was used instead of t-BuOH alone). The titled compound was isolated as a white solid in 33%
yield. mp: 164-166 °C; [0]*’p +5.4 (¢ 1.0; MeOH); 'H NMR (400 MHz, CD;0D) & (ppm) 5.06
(2H,d,J=3.7Hz),4.37 2H, dd, J=11.8, 2.1 Hz), 4.21 (2H, dd, /= 11.8, 5.3 Hz), 4.02 (2H,
ddd, /=10.1, 5.3, 2.2 Hz), 3.80 (2H, dd, /=9.7, 8.8 Hz), 3.46 (2H, dd, J=9.7, 3.8 Hz), 3.39-
3.31 (1H, m), 2.36 (2H, tt, J = 9.0, 5.2 Hz), 1.65-1.55 (4H, m), 1.53-1.41 (5H, m), 1.29 (45H,
m), 0.94-0.86 (12H, m); >C NMR (100 MHz, CD;0D) & (ppm) 178.08, 95.01, 74.59, 73.21,
72.02,71.42,64.23,47.14, 33.65, 33.06, 32.89, 32.86, 30.70, 30.69, 30.60, 30.58, 30.45, 30.38,
30.37,28.54,28.52,28.49,28.47,23.77,23.70, 14.50, 14.48; HRMS m/z calcd for C44Hs,013Na

[M+Na]": 841.5648, found: 841.5658.
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6,6’-di-(dicyclopropyl)-stearoyl trehalose 4f

The general procedure has been applied to the synthesis of diester 4f. The titled compound was
isolated as a colorless oil in 82% vyield. [0]*’p +4.6 (¢ 1.0; MeOH); '"H NMR (400 MHz,
CDCI3/CDsOD : 1:1) & (ppm) 4.91 (2H, d, J=3.5 Hz), 3.77 (2H, dt, J=7.7, 2.3 Hz), 3.61-3.53
(2H, m), 3.47 (3H, d, /= 3.3 Hz), 3.37-3.29 (2H, m), 3.24-3.12 (8H, m), 2.16 (4H, dd, /= 8.7,
6.3 Hz), 1.42 (4H, s), 1.28-1.02 (38H, m), 0.76-0.63 (8H, m), 0.59 (4H, m), 0.49 (4H, s), 0.41
(4H, m), (-0.39)-(-0.59) (4 H, m); C NMR (100 MHz, CDCl3/CD;0D : 1:1) & (ppm) 174.94,
93.94,77.89, 73.70, 72.00, 70.68, 70.36, 63.55, 34.45, 32.20, 30.45, 30.18, 29.77, 29.64, 29.46,
29.19,29.03, 28.35, 28.20, 25.18, 22.99, 16.34, 16.21, 16.17, 15.94, 15.90, 14.23, 11.24, 11.07,

11.06; HRMS m/z calced for CspHggO3Na [M+Na]+: 945.6274, found: 945.6283.

6-linoleoyl-6’-oleoyl trehalose 5

The general procedure has been applied to the synthesis of diester 5 from 3a. The titled
compound was isolated as a yellowish oil in 78% yield. [a]*’p +6.7 (¢ 1.0; MeOH); '"H NMR
(400 MHz, CDCI3/CD;0OD : 1:1) & (ppm) 5.07-4.91 (6H, m), 4.73 (2H, d, /= 3.7 Hz), 3.99 (2H,
dd,J=12.0,2.3 Hz), 3.90 (2H, dd, /= 12.0, 5.1 Hz), 3.64 (2H, ddd, /= 10.2, 5.1, 2.2 Hz), 3.43
(2H, dd, J=9.7, 8.9 Hz), 3.16 (2H, dd, J=9.7, 3.8 Hz), 3.05-2.94 (4H, m), 2.47-2.34 (2H, m),
1.99 (4H, t, J = 7.6 Hz), 1.75-1.64 (8H, m), 1.26 (4H, m), 1.06-0.89 (38H, m), 0.58-0.48 (6H,
m); *C NMR (100 MHz, CDCl3/CD;0D : 1:1) & (ppm) 175.15, 130.61, 130.48, 130.47, 130.27,
128.62, 128.50, 110.72, 94.37, 73.96, 72.39, 71.11, 70.74, 63.90, 34.69, 32.51, 32.12, 30.33,
30.29, 30.20, 30.09, 29.94, 29.91, 29.86, 29.78, 29.70, 27.74, 26.16, 25.47,23.23,23.13, 14.35,

14.32; HRMS m/z calcd for C4gHgsO3Na [M+Na]+: 891.5804, found: 891.5815.
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