NEW PERACETYLATED SUGAR-BASED
SURFACTANTS FOR SUPERCRITICAL CARBON
DIOXIDE

Fernando L. CassltpLuciane F. de GéésTatiana A. PereifaSandro R. P. da Roch&einaldo
C. Bazitd*
! Green and Environmental Chemistry Research GrGRQVA)
Instituto de Quimica — Universidade de Sdo Paulb26077 CEP 05513-970 Sao Paulo, SP —
Brazil.
? Department of Chemical Engineering and Materiaisi&e

College of Engineering — Wayne State Universityp®@&nthony Wayne Dr., Detroit, Ml 48202

— USA.

E-mail: bazito@iqg.usp.hrFax: +5511-3091-1517

In this work we describe the synthesis and the pig|se and interfacial characterizations of
three novel fluorine-free sugar-based amphiphitlesigned to be used in supercritical carbon
dioxide (sc-CQ). They cointain peracetylated chains as,0ilic parts and unprotected
hydroxyl groups as Cgphobic ones. The first measurements suggest thege molecules
present solubility in sc-COand activity at water-CO(W/C) interface, which points toward
promising applications in chemical processes ustigQ.

INTRODUCTION

The application on supercritical carbon dioxide-C$2,) as an alternative solvent to
traditional organic ones, despite of its severairdble characteristics, is often hindered because
CO; is non-polar, and only dissolves small and apolatecules. One way to overcome such
limitation face to polar chemical species is taraduce specially-designed surfactants in the
system. The sc-Cfsuitable surfactants are molecules composed ddapbilic part (generally
containing a perfluorocarbon chain) and a @@obic part (capable of solubilizing polar
compounds).

The first observations of aggregation of surfagdantsc-CQ [1] was has opened an intense
research interest for surfactants capable of datuig polar substances in sc-@QR2-5].
However, it is a well known that perfluorinated qmoands, despite of high solubilities in sc-
CO,, are persistent organic pollutants. So, sincerghiens that oxygenated compounds could
serve as substitutes for fluorinated compouees], new compounds has been synthesized and
tested as potential amphiphiles to be used in sg-@@dia. In this study we present the
syntheses of three new non-ionic interfacially \a&ctmolecules, containing hydroxyl groups
(some of them from unprotected sugar precursor€§y@sphobic (hydrophilic) groups. These
molecules are pent@-acetyl-D-gluconamides of ethanolamin&1@), N-methylglucamine
(G2A) and D-glucosamineG3A). All of them, obtained in good yields, were claesized by
'"H-NMR, FT-IR and microanalysisAlso, the first phase behavior and interfaciakten studies
in sc-CQ are presented.

MATERIALS AND METHODS

Chemicals



Acetonitrile (Mallinckrodt, spec. grade) was distl from BOs (Aldrich, 98%). Ethyl ether
(E,O, Merck, spec. grade) was refluxed over metalodiem (Vetec, analytical grade) in
presence of benzophenone (Aldrich, 99%) and distillToluene (Vetec, analytical grade) was
refluxed over metallic sodium and distilled. AcetofVetec, analytical grade), chloroform
(Vetec, analytical grade), anhydrous ethanol (C&tba, spec. grade) and petroleum ether
(Vetec, analytical grade) were used as received.

The solvents CDGI (0.05% TMS), DMSQds (0.05% TMS) and BD (99,9% D) were
purchased from Cambridge Isotope Laboratories apd as received in NMR analyses.

The water used in the experiments was purified ystesns Elix 10 (reverse osmosis and
electrodeionization) and Milli-Q Gradient (ultrafication), both from Millipore.

Ethanolamine (Aldrich, 99%) was distilled at 10 mb@nhydrous zinc chloride was obtained
melting the hydrated chloride (Aldrich, 98%) at 400D and keeping the resulting crystals in a
vaccum dissecator with,®s overnight.

Acetic anhydride (AgO, Merck, spec. grade)D-gluconosé-lactone (Aldrich, 99%)D-
glucosamine hydrochloride (Aldrich, 98%;methyl-D-glucamine (Sigma, 99%), phosphorus
pentachloride (Aldrich, 99%), silicagel (Synth, spds, ¥ mm) and sodium hydroxide (Merck,
analytical grade) were used as received.

Apparatus

Uncorrected Melting points were determined with @& ™mp model 1102D apparatus.
Microanalyses were carried out with a Perkin-Elmexdel CHN 2400 equipment. FT-IR spectra
were recorded with a Shimadzu IRPrestige-21 andctspewere treated with software
IRSolution. The absorption signals were reported" ¢rased on common attributions from the
literature[10]. *H-NMR specrta were recorded in a Varian Gemini 8p8ctrometer, operating
at 200 MHz for'H. We used concentrations of about 10 mg of comg@omn0,7 mL of
deuterated solvent containing 0.05% of TMS as ivatestandard in Wilmad 735PP NMR tubes,
5 mm of internal diameter. Attributions were based e J values from the literature and the
spectra were Fourier transformed and fitted wittstReC software, version 4.8.11.

Synthesis

Monohydrate 2,3,4,6-tetraO-acetyl-D-gluconic acid (1).For the first precursor, 12.0 g
(88 mmol) of anhydrous zinc chloride were added%0 mL of A¢O (1.68 mol, 2.5 equiv.)
until most part of solid being dissolved. The sgst@as kept at 0 °C (iced water bath) under
vigorous stirring. After cooling, 30.0 g (168 mmofD-gluconosé-lactone were added slowly in
several portions. The solution was kept underisgrfor 24 h at room tempereture and after
poured in an erlenmeyer containing 600 mL of wélsdrolysis of excess AO®), which was
kept under stirring for 2 h. The mixture was stoa¢the refrigerator at 4 °C during 48 h until the
product has been cristalized. The material wasrétl, washed with 20 mL of cold water and
analyzed by FTIR (KBr pelletjH-NMR (DMSO-dg, 0.05% TMS) and elemental analysis.

Yield: 57.5%; melting point: 96-101 °C (MP113-117 °C) [11]. FTIR (KBr pellet, chy:
3438 (o4, carboxylic acid + alcohol), 174%d-o, ester, acetate-characteristic), 17916-¢,
carboxylic acid, as a satellite of 1745 tnmore intense), 137&¢.4 + wc.), 1235 Vco)-o
saturated alcohol acetate¥}i-NMR (25 °C in DMSOdg, & in ppm): 2.01 (& O.3(CO)-CHs,
6H), 2.02 (s, (CO)-CH3 3H), 2.09 (s, CO)-LCH3, 3H), 3.35 (broad,GH), 3.67 (m, 1H),
3.94 (m, 2H), 5.10 (m, 2H), 5.68 (m, 2H). Microfsés: found 43.84% C, 5.75% H (calcd.
46.16% C, 5.53% H, for gH20011).



2,3,4,5,6-penta@-acetyl-D-gluconic acid (2).30.0 g (82 mmol) ofl were added to a
cooled soluton (iced water bath) of 10.8 g (79 mraohydrous zinc chloride were in 150 mL of
Ac,0 (1.68 mol, 2.5 equiv.). The mixture was kept urgtering for 24 h at room tempereture
and after poured in an erlenmeyer containing 600 ahlwater (hydrolysis of excess @),
which was kept under stirring for 2 h. The prodwets then extracted with four 60 mL portions
of chloroform. The solution was concentrated ta®2@ tnL volume and 150 mL of toluene were
added. The system was again concentrated and ahaqount of toluene was added. Then, the
system was concentrated to a final volume of 180amd. was kept at 4 °C during 48 h until the
product has been cristalized. The material wasrétt, washed with 10 mL of toluene and
analyzed by FTIR (KBr pelletjH-NMR (CDClk, 0.05% TMS) and elemental analysis.

Yield: 79.8%; melting point: 100-103 °C (MP110-111 °C) [11]. FTIR (KBr pellet, cm
1): 3258 0.1, carboxylic acid), 1744ve-o, ester, acetate-characteristic), 1726-¢, carboxylic
acid, as a satellite of 1744 dmmore intense), 1450544 symmetric, -CH), 1431 fc.H
asymmetric, -Ch), 1215 ¢c(o)-0 Ssaturated alcohol acetate4)-NMR (25 °C in CDCJ, 0.05%
TMS, b in ppm): 2.06 (s, §CO)-CH3z, 3H), 2.09 (8, Os44CO)-CHz 12H), 2.20 (s, CO)-
CHs, 3H), 4.17 (ddH-5", 1H), 4.30 (ddH-5’, 1H), 4.97 (broad, C@H), 5.10 (mH-4, 1H),
5.32 (d,H-1, 1H), 5.52 (ddH-3, 1H), 5.64 (ddH-2, 1H). Proton numbers used in the atribution
above are represented in figure 1 below. Microasislyfound 47.11% C, 5.43% H (calcd.
47.29% C, 5.46% H, for gH2:012).

Figure 1: Proton numbering for NMR attribution of gluconicié precursors.
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2,3,4,5,6-penta@-acetyl-D-gluconyl chloride (3).10.0 g (24 mmol) o were partially
dissolved in 74 mL of anhydrous ;Bx followed by slow addition of 5.0 g (24 mmol) of
phosphorus pentachloride. The system was kept wigerous stirring at room temperature for
24 hin a round bottom flask with a drying tubdi¢sigel). The solution was concentrated to half
of its initial volume and stored at -12 °C for 72umtil the product has been cristalized. The
material was rapidly filtered (in a cold bichnentiel, to avoid hydrolysis), washed with 10 mL
of petroleum ether and analyzed by FTIR (KBr pll&-NMR (CDCk, 0.05% TMS) and
elemental analysis. _

Yield: 92.2%; melting point: 61-65 °C (MP68-71 °C) [11]. FTIR (KBr pellet, ci:
1806 {c-0, acyl chloride, as a satellite of 1745 tnmore intense), 174%4-o, ester, acetate-
characteristic), 14325¢.4 asymmetric, -Ch), 1244 {c0)-o Saturated alcohol acetatedjl-
NMR (25 °C in CDC{, d in ppm): 2.07-2.25 (m, £ 344CO)-CH3, acid chloride and hydrolysis



acid-product methyl signals are mixed), 2.78 (byca@-OH), 4.16 (ddH-5", 1H), 4.31 (dd,
H-5’, 1H), 5.08 (m,H-4, 1H), 5.32-5.53 (mH-1 and H-3, 2H), 5.64-5.78 (mH-2, 1H).
Microanalysis: found 45.36% C, 4.76% H (calcd. 49:22C, 4.98% H, for GH21CIO;,).

N-(2-Hydroxyethyl)-2,3,4,5,6-penta©-acetyl-D-gluconamide (G1A). 2.00 g (4.71
mmol) of the acyl chlorid8 (dissolved in 10 mL of acetonitrile) were slowlyogped into 0.575
g (9.42 mmol) of ethanolamine dissolved in 10 mlacétonitrile at 0 °C. The system was kept
under vigorous stirring for 24 h. The salt formedthe process (2-hydroxyethanolaminium
chloride) was quantitatively filtered and the solve/as evaporated. The product was mixed with
chloroform and toluene and crystallized the samg agprecurso?. It was dried under vacuum
in the presence of,@s and analyzed by FTIR (KBr pellefH-NMR (DMSO-dg, 0.05% TMS)
and elemental analysis.

Yield: 68%; melting point: 108-112 °C. FTIR (KBrlf, cm'): 3234 ¢n.n, Secondary
amide), 3258\, alcohol), 2980\c.4 asymmetric, -Ch), 2950 ¢c.4 Ssymmetric, -CH), 1749
(ve=0, ester, acetate-characteristic), 169é-¢, solid secondary amide), 1578 + Ve,
solid secondary amide), 1440c{ asymmetric, -Ch), 1375 §c.y symmetric, -CH), 1217
(Vc(o)-o saturated alcohol acetates), 108%.d, primary alcohols like RCHCH,OH). The 2-
hydroxyethyl methylene stretching bands are alssent as little shoulderfd-NMR (25 °C in
CDCls, 0.05% TMS,6 in ppm): 1.98 (s, §CO)-CH3, 3H), 2.01 (s, @4CO)-CH3 6H), 2.05 (s,
O5(CO)-CHj3 3H), 2.14 (s, GCO)-CHgs, 3H), 3.23 (m, 2H, NHzH»-CHy-), 3.48 (t, 2H, -CH
CH,-OH), 4.12 (ddH-5", 1H), 4.28 (ddH-5’, 1H), 5.01 (mHd-4, 1H), 5.19 (dH-1, 1H), 5.42
(m, H-3, 1H), 5.60 (mH-2, 1H), 6.88 (broad\-H, 1H). Microanalysis: found 48.11% C, 6.06%
H, 3.05% N (calcd. 47.95% C, 6.04% H, 3.05% N,GosH,/NO;»).

N-methyl-N’-[(2R,3S,45,59)-2,3,4,5,6-penta-hydroxy-hexyl]-2,3,4,5,6-pent@-acetyl-
D-gluconamide(G2A). 0.919 g (4.71 mmol) dfl-methyl-glucamine were dissolved in 20 mL of
water at - 10 °C (salt-ice bath) in a three-necktbbottom flask. Then, 2.00 g (4.71 mmol)3of
(dissolved into a small amount of acetonitrile) estowly dropped with an adition funnel. At
the same time, 4.71 mL of 1 M NaOH aqueous solufgamtaining, thus, 4.71 mmol of base)
were dropped with a pasteur pipette. The sistemkepsunder stirring for 24 h, the solvent was
evaporated, giving a highly deliquescent whitedsolvhich was dissolved in 20 mL of acetone
(remotion of NaCl), filtered, dried with,Ps under vacuum and analyzed by by FTIR (KBr
pellet),'H-NMR (DMSO-ds, 0.05% TMS) and elemental analysis.

Yield: 68%; melting point: 82-86 °C. FTIR (KBr pel] cni'): 3700-2800 \{o.), 1749
(ve=0, ester, acetate-characteristic), 1645-§, solid tertiary amide), 144®{.4 asymmetric, -
CHz), 1375 fc.n symmetric, -CH), 1217 ¢co).o, Saturated alcohol acetates), 104/¢.d,
primary alcohols like RCKOH). Methyl and methylene stretching bands are mhewed by a
broadband between 2800 and 3700'cmelated to several hydroxyl stretching modesofadt
groups present and some hydration wat#f)NMR (25 °C in DMSO€®, & in ppm): 1.97 (s,
0,(CO)-LCH3s, 3H), 2.00 (s, @4CO)-CH3 6H), 2.06 (s, G{CO)-LCH3 3H), 2.18 (s, CO)-LCHs,
3H), 2.35 (s, 3H, -N2H3), 2.72-2.80 (m, 2H, -N(Ck-CH,-CH(OH)-), 3.40-3.81 (m, attached-
to-carbon protons signals superposed), 4.10 Kdfl, 1H), 4.25 (ddH-f, 1H), 4.98 (mH-e,
1H), 5.13 (d,H-b, 1H), 5.38 (m,H-d, 1H), 5.56 (m,H-c, 1H), 7.18 (broadN-H, 1H).
Microanalysis: found 46.04% C, 6.03% H, 2.21% Ndda47.34% C, 6.39% H, 2.40% N, for
Co3H37NOge).



2-[2,3,4,5,6-penta-O-acetyl-D-gluconamido]-2-deoxyb-glucopyranose (G3A). 1.015
g (4.71 mmol) ofD-glucosamine hydrochloride were dissolved in 20 aflwater containing
4.71 mmol of NaOH (as NaOH 1 M solution) at - 10 (%@lt-ice bath) in a three-neck round
bottom flask. Then, 2.00 g (4.71 mmol)3®{dissolved into a small amount of acetonitrileyeve
slowly dropped with an adition funnel. At the samme, 4.71 mL of 1 M NaOH aqueous
solution (containing, thus, 4.71 mmol of base) wdmegpped with a pasteur pipette. The sistem
was kept under stirring for 24 h, the solvent waaperated, giving a white solid, which was
dissolved in 20 mL of acetone (remotion of NaCiljefed, dried with FOs under vacuum and
analyzed by \FTIR (KBr pelletiH-NMR (DMSO-ds, 0.05% TMS) and elemental analysis.

Yield: 57%; melting point: 98-104 °C. FTIR (KBr pet, cni'): 3700-3000 \{o.), 2966
(Ve-n asymmetric, -Ch), 2943 Q.1 symmetric, -CH), 1749 {c-o, ester, acetate-characteristic),
1674 Qc-o, solid secondary amidé,ans form), 1634 Yc-o, solid secondary amideis form),
1547 ©nH t Venn, Solid secondary amide), 143%c{ asymmetric, -Ch), 1375 {cnH
symmetric, -CH), 1223 {c(o)-o, Saturated alcohol acetates), 108¢.4, primary alcohols like
RCH,OH). *H-NMR (25 °C in DMSOd®, & in ppm): 1.94 (s, €iCO)-CHs, 3H), 2.09 (s,
034(CO)-LCH3 6H), 2.13 (s, G(CO)-CH3 3H), 2.18 (s, &CO)-LCH3, 3H), 3.0-3.9 (m, H-2 to H-
6’ pyranosyl protons signals superposed), 4.18 kdfi, 1H), 4.31 (ddHd-f, 1H), 5.00 (mH-1,
1H), 5.03 (mH-e, 1H), 5.18 (dH-b, 1H), 5.45 (mH-d, 1H), 5.60 (mH-c, 1H), 7.12 (broad,
N-H, 1H). Proton numbers used in the atribution abake represented in figure 2 below.
Microanalysis: found 46.36% C, 5.93% H, 2.31% Ndda46.56% C, 5.86% H, 2.47% N, for
C2oH33NOge).

Figure 2: Proton numbering for NMR attribution of a glucasmipled gluconic acid molecule.

2.4. Phase behavior and interfacial tension measurents

For the sc-C@ solubility and cloud point visual measurements wged a TharTech
SPM20 phase monitor, formed by a variable volume(BeD — 15.5 mL), mechanical stirring
magnetically coupled, pressure transducer, heatngidges, thermocouple and a CCD camera
perpendicularly LED illuminated through sapphirendows. The C@source was a liquid GO
line at 55 bar compressed into adequate presssieg a Teledyne Isco 260D syringe pump,
cooled at -5 °C with a Julabo EB thermostatic ljagjure 3).



Figure 3: Phase behavior measurements apparatus, SPM20mbager.
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Interfacial tension measurements were recorded hnrae-made high pressure pendant
drop tensiometer formed by a variable volume cy@meéquiped with a directly illuminated
camera, which capture the image of the drop (fighrerhe software CAM2008 calculates the
curvature radius and, solving the Young-Laplaceaéiqn, allows to measure dynamically or to
calculate final (after interface equilibration) erfiacial tension values. We measured saturated
systems containing surfactant in the sc.@@ase (light phase) against a pure water drop/fhea
phase) at 2000 PSI (137.8 bar) during 10000 s.cBaorparison, we also measured interfacial
tensions of fluorinated analogues synthesized byoup.

Figure 4: High pressure tensiometer.
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RESULTS AND DISCUSSION

Synthesis

Synthetic schemes are presented at figures 5 abdldwv. The choice for a three step
synthesis of the precursors [11] instead of a nstr&ghtforward one is explained by the high
purity and crystallinity of the products, since tfieect acylation of gluconic acid or some of its
salts, as extensively found in the literature [Z], Dave us a syrupy product, which was very
difficult to work in the chlorination (carboxyliccal activation) step and, also, to chemically
characterize.

Figure 5: Synthesis of the peracetylated surfactants’ pesgst to 3.
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The FTIR measurements were essential to verifyddsred chemical transformations. For
example, it is evident that the acyl chlori@levas formed with total consumtion of carboxylic
acid 2, as shown by disappearance of the carbonyl band726 cni with concomitant



appearance of a new signal in about 1800%.cifhe surfactants’ FTIR signals showed, as
expected, amide | bands (carbonyl stretching) bemis75 and 1640 ¢hand amide Il bands
for the secondary amide§{A andG3A) at 1540 crit.

In comparison with their fluorinated analogue, tiew peracetylated surfactants (specially
G1A andG3A) presented a better solubility in polar solvemisjuding water. This is probably
due to the higher hydophilicity of peracetylatedauchains, if compared with perfluorinated
ones. Despite of these water-affinity differencesplecule G1A (like its eight-carbon
perfluorinated analogu&1A) was soluble in sc-CO

Phase and interfacial behavior
We observed cloud point pressures of about 100fdyasurfactantG1A, as well as a

water dispersion capability at pressures of ab&0tldar. Figure 7 presents the simplified phase
diagrams for binary systems sc-g€rfactant.

Figure 7: Cloud point (visual) measurements for the newasitaints (saturated systems).
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A simple explanation for the trend observed cowddhat a temperature increase promotes
an increase in the sc-GQ@olubilities of the molecules, causing a raiseh@ cloud pressures
observed (the measurements were done in a supatsatgystem). Besides, the solubilization of
a particular substance in sc-€@epends on the density of the fluid, and alsohenagitation of
the molecules. Thus, even assuming a negligibléatan in the solubility, an increasing



temperature will cause increasiagitation and density and, that way, the necessity of greate
pressures to solubilize the same amount of surfacta

Also, the first results showed us that the perdatdgt surfactants have similar solubility
behavior than their fluorinated analogues, exceptlhe range of cloud pressures — fluorinated
analogues present cloud pressures tipically 20%eiddan the peracetylated surfactants. It is
important to stress out that the solubilizationogf/genated carbonyl compounds in scG©
explained by specific Lewis acid-base interactitbesween the carbon dioxide molecule (its
carbon acting as an acidic species) and the agetylp residues in the solute molecules [6-8,
13 ]. The acetyl methyl groups, vicinal to carbgraye also suggested to play a cooperative role,
donating protons to form hydrogen bonds with thggex atoms from C£[14-16]. Meanwhile,
the solubility of fluorinated compounds is stillbgect of debate, sometimes treated as being
promoted by specific interactions [17, 18], and sbmes have seen as entropically-driven
processes, mediated by tail-tail interactions amdmization of sterical volumes [19].

The first interfacial tension measurements aggisé water (25 °C, at 138 bar), showed
that moleculeG1A reduced interfacial tension of W/C binary systempposed to be about 25
mN/m) to 10.26 mN/m, while its fluorinated analogw®ntaining eight and ten carbon, resulted
in interfacial tension values of 12.06 and 9.091/mNrespectively, which is an indication of
comparable interfacial activities. The interfadhavior of molecule§2A and G3A is now
being studied in a more deteiled way, taking actofipressure and temperature variations. We
are also studying water uptake capabilities of éh&srfactants in sc-GQusing high pressure
UV-Visible spectroscopy measurements.

CONCLUSIONS

So far, we have synthesized three nayarshased surfactants that are potentially useful
for supercritical carbon dioxide. The first solutyiland interfacial studies revealed that those
molecules are active at W/C interface and presephase behavior comparable with their
fluorinated analogues. This suggests that oxygdnateolecules can indeed act as
envoronmentally-friend substitutes of fluorinatedpdiphiles in sc-C@
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