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ABSTRACT. A new alkylation mode of fructose was developed by direct aldolization
of unprotected fructose with fatty aldehydes as alkylating agents. The reaction occurs in
the presence of a base in a mixture of water/EtOH at 60°C under microwave irradiation.
Trimethylamine was found the most effective base for the aldolization of fructose with
short chain aldehydes (C4-C8) while better results were obtained with K,CO; in

association with tetrabutylphosphonium bromide (TBPB) for long chain aldehydes
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(C8-C12). The corresponding alkylated fructose were obtained as mixture of 3 main
tautomers (the B-pyranoid form being the predominant isomer) and were isolated with
31-46% yield. These aldolization products were also reduced under hydrogen to give

the corresponding alkylated heptaols with 84-96% isolated yields.

INTRODUCTION

The chemical transformation of renewable biomass is currently the subject of intense
research for the preparation of bio-based chemicals that are promised to (partially)
replace fossil-based products.’ Carbohydrates represent about 75 wt% of the available
biomass and their transformation into valuable products offer great challenges from the
synthesis point of view.>® The conversion of aldohexoses - with D-glucose as archetype
- has been extensively studied but, comparatively, little attention has been devoted to
the valorisation of ketohexoses.” b-Fructose is the most abundant ketoses in Nature
where it is found as a monomer in inulin and levans or in association with glucose in
sucrose. Fructose can be produced by enzymatic hydrolysis of the aforementioned
sources.® Alternatively, it can also be produced by catalytic isomerisation of glucose®*?
through Lobry de Bruyn-van Ekenstein mechanism.* One the one hand, fructose is
mainly produced as high-fructose syrup (HFS) that is used as sweeteners in food and
beverage industries.** Moreover, it can also be used to produce, mainly via enzymatic
catalysis,™ levans and fructooligosaccharides (FOS), that have found applications as
prebiotics in food, nutrition and medical sciences.'® On the other hand, fructose can be

used as a cheap renewable material for the production of bio-based specialty chemicals.



For example, the dehydration of fructose affords 5-hydroxymethylfurfural
(5-HMF)*"® that is a key platform molecule towards the production of
2,5-furanedicarboxylic acid (2,5-FDCA),? a key building-block for the production of
biobased polymers.?®* Fructose can also be used for the synthesis of renewable
surfactants.”>*® To date, only two families of fructose-based surfactants have been
developed, namely, fructose esters and alkyl fructosides. Fructose esters can be
obtained by direct esterification of fructose with a wide range of fatty acids (Scheme 1,
a). Enzymatic methods employing immobilized lipases are usually preferred over
chemical ones as enzymes usually offer better selectivities towards the formation of the
monoesters and work under mild conditions (ambient temperature, water as
solvent).?”# O-alkyl fructosides have also been developed as biobased surfactants but
they have been by far less studied than their glucoside analogues (Scheme 1, b). Alkyl
fructosides can be produced by trans-glycosylation of sucrose in the presence of
alcohols.**®" Alternatively, octyl fructosides were prepared by direct acid-*® or
iodine-catalysed® Fischer glycosylation of fructose with octanol leading to a mixture

of B-D-fructopyranoside and a- and B-D-fructofuranosides.
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Scheme 1. Strategies for the alkylation of unprotected D-fructose (only one tautomer is
represented for clarity). a) esterification with fatty acids; b) glycosylation with fatty

alcohols; c) aldolization with fatty aldehydes.

Similarly, long alkyl chain derivatives such as decyl- and dodecylfructosides
were obtained as a mixture of tautomers from the direct BF3-* or
MCM-41-catalysed* glycosylation of fructose. Alkyl
1-O-B-D-fructopyranosides can be obtained as single tautomers by treatment of
fructose with alcohol in the presence of FeCls (3 equiv.).*> This methodology
was further extended to the preparation of a cationic glycine betaine
incorporating an octadecanyl B-p-fructopyranoside.** The two aforementioned
strategies, i.e. esterification and glycosylation, give access to O-acylated and
O-alkylated fructose but cannot be used for C-alkylation. In this context, we
describe herein a new approach for the alkylation of unprotected fructose by
direct aldolization using a range of fatty aldehydes as alkylating agents to give
C-C bond-linked surfactants (Scheme 1, c). The corresponding alkylated
fructoses were also reduced under hydrogen pressure to give the corresponding

alkylated heptaols.

RESULTS AND DISCUSSION

As a part of a research programme aiming at developing robust bio-based surfactants



for eco-extraction or cosmetic applications, we have previously reported the
preparation ether-linked sugar-based surfactants.**’ Recently, we have been interested
in developing C-C bond linked surfactants. In this context, we have reported the
base-catalysed aldolization of unprotected 1,3-dihydroxyacetone (DHA) towards the
formation of tetraol surfactants.*® Considering that fructose, under its acyclic keto-form,
shares the same a-hydroxyketone moiety than DHA, we envisioned that it could also be

subjected to direct aldolization with aldehydes.

Alkylation of fructose through aldolization

To test this hypothesis, we have first investigated the base-catalysed aldolization of
fructose 1 (5 equiv) in 1:1 EtOH/H,0 at 20°C using hydrocinnamaldehyde 2 (1 equiv)
as a model substrate and NMes (0.5 equiv.) as a base. Unfortunately, only traces of the
desired product could be detected even after 72 hours of reaction (Table 1, entry 1).
These results were not surprising considering that fructose exists as a mixture of 4
cyclic tautomers in solution and the acyclic keto-form represents only 0.5-1% at 25°C.2
In order to promote this open-chain form, the temperature was progressively increased
from 20 to 100°C under microwave irradiation (Table 1, entries 2-5). Encouragingly,
the aldolization product 3 was obtained with 31% yield at 60°C (Table 1, entry 3).
However, higher temperatures did not improve the results probably due to the
degradation of fructose under these conditions. The conversion and yield were then

followed over time at 60°C under microwave irradiation (Figure 1).



Table 1. Influence of the temperature and time on the aldolization of fructose.?

oH OH o
/A HJOK/\Q %. 2 /on
o 1 2 TCorimaty oH
Entry  1:2ratio T Time (h) Conv.” Yield®  Selec.’
(W, °C) (%) (%) (%)

1 5:1 20° 72 - traces -
2 5:1 40 2 34 3 9
3 5:1 60 2 49 31 63
4 5:1 80 2 56 28 50
5 5:1 100 2 68 25 37
6 5:1 60 2 58 42 72
7° 5:1 60 2 50 36 72
g' 10:1 60 2 60 47 78
of 20:1 60 2 75 63 84

# Reaction conditions: sealed tube, fructose 1 (1 g, 5.6 mmol, 5 equiv.), aldehyde 2
(0.15 g, 1.1 mmol, 0.28 M), NMe;3 (0.5 equiv), H,O/EtOH (v/v 1:1, 4 mL), T (40-100
°C, UW). ® Conversion of aldehyde 2, determined by GC using calibration curves. °
Determined by GC wusing calibration curves after trimethylsilylation with
HMDS/TMSCI. ¢ Selectivity was calculated as follow: S = yield / conversion. ®
Reaction carried out without microwave under traditional heating. '[2] = 0.56 M, ¢ [2] =

1.12 M.

The best results were obtained after 2 hours but a prolonged time was found deleterious



for the yield while the conversion still progresses. This has been attributed to the
degradation of the product through a retro-aldolization process, thus releasing the
aldehyde that undergoes self-aldolization. Increasing the concentration of aldehyde 2 to
0.56 M improved the yield to 42% but no further improvement was observed at higher
concentration (Table 1, entries 6-7). Other parameters, such as the base loading and the
proportions of the EtOH/H,O system, were also screened but, once again, no
improvement was obtained (Table S1 and S2). The fructose / aldehyde ratio was also
switched from 5:1 to 1:5 using hydrocinnamaldehyde as a model substrate but the
desired product 3 was only formed with 4% yield. In that case, the main byproduct,
formed by self-aldolisation of hydrocinnamaldehyde, was isolated with 55% vyield.
Considering that the aldolization is a reversible process, the fructose/aldehyde ratio was
progressively increased in order to shift the equilibrium towards the formation of the
desired product (Table 1, entries 8-9). This is only reasonable due to the wide
availability and low cost of fructose, provided that excess fructose could be recovered.
Moreover, it is known, notably from the works of Breslow,**° Lubineau®** and

53-56

Plusquellec, that highly concentrated solution of carbohydrates in water can

enhance the kinetics of a reaction through hydrophobic effects.
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Figure 1. Conversion of aldehyde 2 (%, blue diamonds) and yield of aldolization

product 3 (%, red squares) over time. Conditions: 60°C under microwave irradiation.

Therefore, when the reaction was carried out with 20 equivalents of fructose, i.e. about
2 g.mL™, the aldolization product 3 was obtained with 63% yield (Table 1, entry 9). It
should be noted that, under these conditions, the solubility limit of fructose in the
EtOH/H,0 system is reached at room temperature but the reaction mixture becomes
homogeneous upon heating to 60°C. Finally, increasing the reaction time did not
improve the conversion of aldehyde 2, indicating that an equilibrium is probably
reached. The scope of the aldolization of fructose was investigated with a range of

aliphatic aldehydes with different chain lengths (Table 2).



Table 2. Aldolization of fructose with a range of aldehydes.?

OH OH
OH i (o'g“é'ﬁim o i
2 OH + HXR i oH R
HO EtOH/H,0 (1:1) :O OH
on 1 (20 equiv) 60°C (uW), 2h
Entry R / aldehyde Product Y(I%JI
OH  on
2 OH
1 CH,CH,Ph 2 I 3 51
OH  on
2 n-C3H7 4 (6] on 5 44
o or
OH OH
3 n-C4Hg 6 A g 7 49
OH OH
4 n'C6H13 8 (©] on f 9 16
OH OH
5 n-C8H17 10 o oH 6 11 11
OH  on
6° Ph 12 O /ony Ph 13 42
on or

& Reaction conditions: sealed tube, fructose 1 (4 g, 22.2 mmol, 20 equiv.), aldehyde (1
equiv., 0.56 M), NMes (0.5 equiv), H,O/EtOH (v/v 1:1, 2 mL), 60°C (UW), 2 hours. ®
Isolated yield after column chromatography. © Reaction time = 1 hour. Only one

tautomer is represented for clarity.

The reaction with hydrocinnamaldehyde 2 under the previously optimized conditions
gave the aldolization product 3 with 51% isolated yield after column chromatography
(Table 2, entry 1). Similar results were obtained using butanal and pentanal as
alkylating agents, and compounds 5 and 7 were isolated with 44 and 49% yield,
respectively (Table 2, entries 2-3). Heptanal and nonanal were next considered as

bio-based aldehydes in order to provide surfactants with 100% renewable content, that



is, nowadays, a strong marketing argument.’’ Indeed, these two aldehydes can be
prepared from vegetable oil derivatives, more precisely from the cleavage of methyl
ricinoleate®® or methyl oleate.**® Unfortunately, the alkylated fructose 9 and 11 were
only obtained with 16 and 11% vyield, respectively (Table 2, entries 4-5). Finally,
benzaldehyde 12 was also used and the aldolisation product 13 was obtained with 42%
yield, thus showing that the protocol is also applicable to aromatic aldehydes (Table 2,

entry 6).

To further demonstrate the utility of this methodology, a scale-up reaction was
performed using 40 times more reagents. Fructose and HCA 2 were dissolved in 40 mL
of a EtOH/water mixture (v/v, 1:1) in a standard 250-mL flask and NMe3; was added.
The flask was placed in a 70-L microwave cavity (Milestone, FlexiWAVE®) and stirred
at 60°C for 2 hours (the temperature was controlled thanks to an optic fiber sensor).

Under these conditions, the aldolization product 3 was isolated with 48% yield

(Scheme 2).
Y
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Scheme 2. Aldolization of fructose on a larger scale and recovery of excess

fructose.

Excess fructose was also removed from the reaction mixture by cristallization and was

recovered with 82% yield. This result indicates that even if there is some degradation or



oligomerization of fructose, it should not represent a significant amount. To verify this,
fructose was treated with MesN (or K,COs, vide infra) under microwave irradiation for
2 hours but in the absence of the aldehyde. Satisfyingly, no reaction was observed and
fructose was recovered unaltered, thus indicating that no degradation or
oligomerization occur under these conditions. Overall, this method allows the direct
alkylation of unprotected fructose through aldolization using aldehydes as alkylating
agents. The main limitation is that only poor yields were obtained when using fatty
aldehydes, which is unfortunate considering that surfactant applications are targeted.
This has been attributed to the low solubility of fatty aldehydes in the EtOH/H,O/sugar
solvent system, as observed by the formation of a two-phase mixture. That is the reason
why, we have re-investigated the reaction under phase transfer catalysis (Table 3). In
that case, NMe3 was substituted by an inorganic base (K,CO3) for solubility reasons. It
is well soluble in water but poorly in fatty aldehydes, so it should prevent the
self-aldolisation of aldehydes, leading to better yield and selectivity for the desired

products.



Table 3. Screening of phase transfer catalysts.?

Fe d e L
Entry  Surfactant/PTA Conv.”(%) Yield® (%)  Selec.? (%)
1 Aliquat 336 74 19 26
2 CTAB 80 53 66
3 PTAB 80 54 68
4 TBAI 74 43 58
5 TBAB 72 54 75
6 TBACI 68 53 78
7 TBPB 70 61 87
8¢ TBPB 68 37 67
9 18-crown-6 45 42 93
10 - 73 52 71

& Reaction conditions: sealed tube, fructose 1 (3 g, 16.7 mmol, 20 equiv.), aldehyde 2 (1
equiv., 0.56 M), K,COs3 (0.5 equiv), surfactant or phase transfer agent (1 equiv.),
H,O/EtOH (v/v 1:1, 3 mL), 60°C (W), 2 hours. ° Conversion of aldehyde 2,
determined by GC using calibration curves. ¢ Determined by GC using calibration
curves after trimethylsilylation with HMDS/TMSCI. ¢ Selectivity was calculated as
follow: S = vyield / conversion. ® 0.5 equiv. of TBPB was used. Aliquat 336:
methyltrioctyl(decyl)ammonium chloride, CTAB: cetyltrimethylammonium bromide,
PTAB, phenyltrimethlammonium bromide, TBAI: tetrabutylammonium iodide,
TBAB: tetrabutylammonium bromide, TBAC: tetrabutylammonium chloride, TBPB:

tetrabutylphosphonium bromide.



Aliguat 336 was first used but gave a poor yield (Table 3, entry 1). CTAB and
PTAB gave improved results with about 53-54% vyield (Table 3, entries 2-3).
Tetrabutylammonium salts (iodide, bromide, chloride) gave similar yields but
the selectivity was improved to 78% using TBAC (Table 3, entries 4-6).
Satisfyingly, tetrabutylphosphosphonium bromide (TBPB) gave 61% yield and a
high 87% selectivity for the aldolization product 3 (Table 3, entry 7). Note that
only 37% yield could be obtained when using only 0.5 equiv. of TBPB (Table 3,
entry 8). The replacement of phase transfer catalysts by a potassium-selective
sequestering agent such as 18-crown-6 gave an excellent 93% selectivity but the
yield plateaued at 42% (Table 3, entry 9). Finally, a blank experiment without
any phase transfer agent was also carried out (Table 3, entry 10). In that case,
only 52% vyield of 3 and 71% selectivity were obtained, thus indicating the
important role of the phosphonium bromide in this protocol.

The nature of the inorganic base was next probed using TBPB (Table 4).



Table 4. Screening of inorganic bases.?

base

o (0.5 equiv) OH on
T L, % TBPB (1 equiv) 070

Entry base Conv.” (%) Yield® (%) Selec.” (%)
1 Li,CO; 65 42 66
2 Na,CO3 57 35 61
3 K2COs 70 61 87
4 Cs,CO3 60 o5 42
5 KHCO; 51 44 86
6 KOH 92 2% 28
7 KOAc 45 0 0
8 KO'Bu 70 32 46
9 K,COs 80 32 40
10 - 2 0 0

& Reaction conditions: sealed tube, fructose 1 (3 g, 16.7 mmol, 20 equiv.), aldehyde 2 (1
equiv., 0.56 M), K,COs3 (0.5 equiv), surfactant or phase transfer agent (1 equiv.),
H,O/EtOH (v/v 1:1, 3 mL), 60°C (W), 2 hours. ° Conversion of aldehyde 2,
determined by GC using calibration curves. ¢ Determined by GC using calibration
curves after trimethylsilylation with HMDS/TMSCI. ¢ Selectivity was calculated as

follow: S = yield / conversion. ® 1 equiv. of K,CO3 was used.

Using a range of carbonates, the best yield and selectivity were achieved using

K,CO3 (Table 4, entries 1-4). Consequently, other potassium bases were



investigated. KHCOg3 also promotes the reaction with similar selectivity than
K>CO3 but was found to be slightly less active (Table 4, entry 5). This result
probably explains why only 0.5 equiv. of K,COj3 can be used in the reaction.
Other bases such as KOH, KOAc and KO'Bu gave lower selectivities due to their
ability to promote the competitive self-aldolization of the aldehyde (Table 4,
entries 6-8). Increasing the quantity of K,COg to 1 equivalent did not improve the
results (Table 4, entry 9). Finally, a blank experiment was carried out in the
absence of the base. Predictably, no desired product 3 was detected under these
conditions, indicating the essential role of the base in this process (Table 4, entry

10).

The nature of the organic co-solvent was also studied as a (v/v) 1:1 ratio with water
(Table 5). Among alcoholic solvents tested, only EtOH gave satisfactory results (Table
5, entries 1-4). Ethereal solvents such as THF, 2-MeTHF and CPME were also screened
but none of them was able to efficiently promote the reaction (Table 5, entries 5-7). The
reaction almost did not occur in toluene, indicating that the conditions developed are
quite different from the conventional phase transfer catalysis (Table 5, entry 8). Finally,
the presence of a co-solvent was found essential as the reaction in pure water only gave

8% of the desired product and led to self-aldolization of aldehyde 2 (Table 5, entry 9).



Table 5. Screening of organic solvents.?

K,COs3

M© ooy G5,

Entry Co-Solvent Conv.’ (%)  Yield® (%)  Selec. (%)
1 MeOH 62 42 68
2 EtOH 70 61 87
3 BuOH 83 5 6
4 'ProH 64 31 48
S THF 42 23 55
6 2-MeTHF 21 16 76
7 CPME 47 8 17
8 Toluene 7 2 29
9 - 7 8 10

& Reaction conditions: sealed tube, fructose 1 (3 g, 16.7 mmol, 20 equiv.), aldehyde 2 (1
equiv., 0.56 M), K,COs3 (0.5 equiv), surfactant or phase transfer agent (1 equiv.),
Solvent/H,O (viv 1:1, 3 mL), 60°C (UW), 2 hours. ® Conversion of aldehyde 2,
determined by GC using calibration curves. ¢ Determined by GC using calibration
curves after trimethylsilylation with HMDS/TMSCI. ¢ Selectivity was calculated as

follow: S = yield / conversion.

The scope of the aldolization of fructose has been re-investigated in the presence of

fatty aldehydes under the optimized conditions (Table 6).



Table 6. Aldolization of fructose with fatty aldehydes.?

KoCO;

OH (0.5 equiv) OH o
(e} i OH . HiR TBPB (1 equiv) o o~ R
HO EtOH/H,0 (1:1) 0:0 OH
1 (20 equiv) 60°C (uW), 2h
Entry R / aldehyde Product Y(l&!;i
OH oy
1 CH,CH-Ph 2 o /on 3 460
i@ (51)
OH
OH o
43
2 n-CeH 0
sH13 8 (Lo ™, 9 (16)°
OH
OH o .
3 n-CgH 1 o 11
o 0 HO OHOH ° (11)c
OH
OH oy ”
4 n-CoH 14 o 15
o HO OHOH ! (nd)
OH
OH oy o
S n-CyH 16 o 17
11M123 Lo, 3

OH

# Reaction conditions: sealed tube, fructose 1 (4 g, 22.2 mmol, 20 equiv.), aldehyde (1
equiv., 0.56 M), K,COs (0.5 equiv), TBPB (1 equiv.), H,O/EtOH (v/v 1:1, 2 mL), 60°C
(LW), 2 hours. ® Isolated yield after column chromatography. © Yields in brakets were
previously obtained with NMes, see Table 2. Only one tautomer is represented for

clarity. nd: not determined.

The results were compared with those previously obtained with NMej;. With
hydrocinnamaldehyde 2, the yield obtained was roughly the same, around 50%,
whatever the conditions (Table 6, entry 1). However, when using heptanal and
nonanal, the yield of the aldolization products 9 and 11 were significantly
improved to 43 and 37%, respectively (Table 6, entries 2-3). Decanal and
dodecanal can be also used and the corresponding alkylated fructose 15 and 17

were obtained with 39 and 31% yield, respectively (Table 6, entries 4-5). These



isolated yields remain modest but they are satisfactory given the difficulty to
react highly polar unprotected fructose with hydrophobic aldehydes. For
comparison, the reaction of decanol and dodecanol with unprotected fructose led
to the corresponding decyl and dodecyl fructosides with 33 and 35% isolated
yields.*

Mechanism proposal

The following mechanism is proposed to rationalize the conditions developed so
far (Scheme 3). Indeed, these reaction conditions are not trivial but they allow an
original alkylation mode of unprotected fructose through aldolization. At the
beginning of the reaction, fructose and K,COj3 are totally miscible at 60°C in the
EtOH/water solvent system that is making only one phase. The fatty aldehydes
and TBPB are standing on top of this EtOH/water phase. First, a large excess of
fructose | is necessary to favour the open-chain form 11 that presenting less than
1% in solution. This a-hydroxyketone could be deprotonated, similarly than
dihydroxyacetone, with a weak base such as K,CO3 to give the corresponding
potassium enolate I11. This intermediate could undergo ion metathesis with the
phosphonium bromide to generate the phosphonium enolate 1V along with one
equivalent of KBr. Alternatively, the ion metathesis could first occur between
K,COz and the phosphonium bromide to generate PBus .HCO3 or
(PBu4"),.CO3* species, that could deprotonate fructose to give the same
intermediate V. Therefore, the nucleophilicity of this species is enhanced and it

could react with the hydrophobic aldehyde, giving phosphonium alcoholate V.



Protonation of V should generate aldolization product VI that spontaneously
cyclized to give a mixture of tautomers. The GC chromatogram after
derivatization by trimethylsilylation using HMDS/TMSCI gave a mixture of 3
isomers. By analogy with fructose and other works on fructose esters, we have
identified the B-pyranoid form V11 as the main tautomers and the presence of the
a- and B-furanoid forms 1X and X. The a-pyranoid form V111 was not detected
as this species is usually very minor in solution.®> Considering the facts that
fructose is chiral and exists as a mixture of 3 main tautomers, this indicates that
the key aldolization step is highly diastereoselective. This is in accordance with
the high diastereomeric ratio (up to 96:4 d.r.) obtained in our previous work on
the aldolization of DHA.* In this sytem, the crucial role of EtOH is difficult to
rationalize, however, we hypothesized that it could play the role of a

64,65 |

hydrotrope, .e., it could enhance the solubility of the hydrophobic aldehyde
in water. When less polar and less water-soluble solvents were used (see Table

5), the self-aldolization product X1 was mainly formed.
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Scheme 3. Mechanism proposal

Reduction of aldolization products to heptaols

The reduction of the fructose aldolization products was carried out in order to
extend the scope of the new compounds that could be used as non ionic
surfactants (Table 7). The aldolization product 3 was first reduced under
hydrogen (40 bar) at 100°C in water (Table 7, entry 1). Under these conditions,
both the carbonyl group and the phenyl ring are completely reduced, thus giving
heptaol 18 with 94% yield. Similarly, compound 13, bearing a phenyl group, was
completely reduced to the corresponding heptaol 19 with 96% vyield (Table 7,
entry 2). Milder conditions (e.g., lower hydrogen pressure or lower temperature)
were also used to preserve the phenyl ring integrity but led to a complex mixture
of products (partial reduction of the phenyl ring and/or the fructose moiety). The

other aldolization products were hydrogenated under the same conditions to give



the corresponding heptaols 19-25 with 84-95 yield (Table 7, entries 3-8). These
reduced species could be particularly interesting as they could not cyclize in

solution.



Table 7. Reduction of the fructose aldolization products.®

H, (40 bar)

o1 on 5%-RufAl,O4 OH OH OH
(e} R (5 mol%) . HO : R
HO OHOH Hz0, 100°C, 16 h m
OH
Entry R / aldolization Heptaol Yield” (%)
product
OH OH OH
CH,CH,Ph HO™ ™
18
OH OH OH
Ph HO™
2 13 mo %
19
OH OH OH
3 n-CsHy HO ™ o4
S OH OH OH
20
OH OH OH
i} HO™
4 r]C?Hg OH OH OH 95
21
OH OH OH
5 Nn-CeH13 How 86
9 OH OH OH *
22
OH OH OH
-CgH
6 Nn-CgHi7 HO ; 89
11 OH OH OH °
23
OH OH OH
7 "-Geis o~ NN "
15 OH OH OH '
24
OH OH OH
N-CyH2s HO™ ™
| 17 OH OH OH ° 87
25

# Reaction conditions: 30-mL stainless steel autoclave, aldol (200 mg), hydrogen
pressure (40 bar), 5%-Ru/Al,O; (5 mol%), H,O (6 mL), 100°C, 16 hours. ° Isolated

yield.



CONCLUSIONS

In conclusion, we have developed a new alkylation mode of unprotected fructose by
direct aldolization using fatty aldehydes as alkylating agents. The reaction occurs in
benign solvents (1:1 mixture of EtOH/water) at 60°C under microwave irradiation.
Under these conditions, the corresponding alkylated fructoses were isolated with 31-46%
yields, that is satisfactory given the difficulty to react highly polar fructose with
hydrophobic aldehydes. Advantageously, surfactants with 100% renewable content can
be produced through this methodology, notably, when using vegetable oil derived
heptanal and nonanal. The aldolization products were also reduced under hydrogen to
give the corresponding alkylated heptaols with 84-96% isolated yields. Further studies
will focus upon studying in details the physico-chemical properties of all these new

amphiphilic species.

EXPERIMENTAL

General information

All reagents were used as received from the chemical companies. D-Fructose
(>99 % purity) was purchased from sigma-Aldrich. Hydrocinamaldehyde,
butanal, pentanal, hexanal, heptanal, nonanal, decanal and dodecanal and were
supplied by Sigma-Aldrich or Alfa-Aesar, and were purified by distillation
before use (except dodecanal). Ru/Al,O3; (5%) was purchased from Strem

Chemicals.

General procedure for the aldolization of b-fructose.



Method A (organic base)

In a sealed tube, D-fructose 1 (4.00 g, 22.2 mmol, 20 equiv.) was dissolved in a 1:1
mixture of EtOH (1 mL) and water (1 mL). Then, trimethylamine (0.13 mL, 0.56 mmol,
0.5 equiv.) and the aldehyde (1 equiv.) were added into the solution. The reaction
mixture was heated at 60°C for 2 hours under microwave irradiation. After reaction, the
solvent was removed in vacuum, and the residue was purified by column
chromatography (CH,CIl,/MeOH 15:1 - 12:1) to give aldolization products. All

details of the chemical characterizations (*H NMR, **C NMR, MS) are given in the ESI.
Method B (inorganic base)

In a sealed tube, D-fructose 1 (4.00 g, 22.2 mmol, 20 equiv.) and K,COs3 (77 mg, 0.56
mmol, 0.5 equiv.) were dissolved in a 1:1 mixture of EtOH (2 mL) and water (2 mL).
The aldehyde (1 equiv.) and tetrabutylphosphonium bromide (TBPB, 377 mg, 1.11
mmol, 1 equiv.) were added to give an organic phase on top of the water phase. The
reaction mixture was heated at 60°C for 2 hours under microwave irradiation. After
reaction, the solvent was removed in vacuum, and the residue was purified by column
chromatography (CH,Cl,/MeOH 15:1->12:1) to give aldolization products. All details

of the chemical characterizations (*H NMR, **C NMR, MS) are given in the ESI.
General procedure for the hydrogenation of aldolization products to heptaols.

In a 30-mL stainless steel autoclave, the aldolization products (200 mg, 1 equiv.) were
dissolved in water (6 mL) and 5%-Ru/Al,03 (5 mol% in Ru) was added. The autoclave
was flushed with hydrogen (10 bar) for 3 times. The solution was stirred (600 rpm)

under 40 bar hydrogen at 100°C for 16 hours. After cooling to room temperature, the



reaction mixture was filtered (Milllipore Durapore filter 0.01 um) and washed with
EtOH. The filtrate was concentrated under vacuum to give heptaol products 16-21. All

details of the chemical characterizations (*H NMR, **C NMR, MS) are given in the ESI.

ASSOCIATED CONTENT

Supporting Information. The supporting information contains the general
procedures, the characterization data of fructose aldolization products and heptaols, as

well as 'H and ">C NMR spectra of all compounds.
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C-C bond-linked bio-based surfactants were prepared by direct aldolization of unprotected
fructose with a range of fatty aldehydes.
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