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Introduction

The immobilization of a solvent into a matrix of fibres [1] is a wellknown process which has numerous applications in various fields [2] . Among such gels, physical organogels consist in the formation of fibres through a self-assembling process involving weak non-covalent bonds (-, vdW interactions, hydrogen network for instance). Those gels can then afford intriguing properties leading to stimuli-responsive material [3] . Among this category of organogels, those formed through the self-assembly of small molecules (LMWOG) are even more challenging. Indeed, such organogelators require a well-defined balance between solubility and self-assembling abilities to form long entangle fibres responsible for the gelation. [4] Numerous LMWOGs have already been described which mostly originate from peptides, fatty acids, and sugars. Carbohydrate-based organogelators represent an important family combining numerous structures and gel properties. [5] Chemical modifications of these scaffolds with alkyl chains, aromatic rings, amide/urea functions usually furnish the required weak bonds (-, vdW interactions, hydrogen bonding) that favour the self-assembly and the subsequent gelation process. Our research group has recently broadened this family with additional sugar-boronate derivatives [6] that mimic the wellknown benzylidene counterparts. [7] We already demonstrated that the substitution of the acetal moiety (benzylidene) with a boronate function has a relatively small impact on the gelation properties of several organic solvents. However, the boronate function added a water-sensitive feature to those organogels. Indeed, the electrophilic boronate function is sensitive to nucleophiles in general and to water in particular. Within this context, one can expect that both gelation properties and water sensitivity might be impacted by the molecular structure of these sugar-boronate organogelators. Thus, we embarked on the comparison of our first family (phenylboronate -alkylglucosides) with alkylboronate phenylglucosides, alkylboronate -alkylglucosides and phenylboronate -phenylglucoside (Figure 1). We described herein the synthesis of these new series of compounds along with their gelation properties in organic solvents and the physicochemical characterization of the corresponding organogels (Rheometry, SEM, water-sensitivity).

Figure 1. a) Phenylboronate -alkylglucoside 1'-2'(previous work) [6a] , b) Alkylboronate -phenylglucosides 1-2, alkylboronate -alkylglucosides 3-6 and phenylboronate -phenylglucoside 7 (this work).

Results and Discussion

Synthesis. The synthetic pathway applied for the preparation of alkylboronate 1-6 started with the commercially available -alkyl

a) Previous work b) This work
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or -phenylglucosides which were esterified in the presence of the corresponding alkyl boronic acid (n-butyl or n-octyl). The reaction requires the ongoing removal of the water molecules produced during the esterification to displace the equilibrium towards the desired product. Solvent-free Kughelrohr distillations were particularly suitable to produce alkylboronates 1-6 in good yields (78-99%) (Scheme 1). Sometimes a treatment with diisopropylether was necessary to clean-up the reaction and obtained pure compounds without additional purification. Indeed, addition of this apolar solvent on the reaction mixture permitted to finish the esterification process in few minutes, the pure compound was then recovered by filtration. For the phenylboronate -phenylglucoside 7, this solvent-free condition did not permit a sufficiently clean reaction, mainly due to a poor mixing of the two starting powders. The esterification in toluene at reflux equipped with a Dean-Stark apparatus solved the problem.

After evaporation of the solvent, the desired compound 7 was obtained in an excellent yield (97%). All molecular structures were confirmed by NMR and mass spectrometry analysis.

Scheme 1. Synthesis of sugar-boronate derivatives 1-7.

Gelation ability. This new series of sugar-boronates in hands, we evaluated their gelation abilities in five representative solvents (toluene, cyclohexane, ethyl myristate, ethyl acetate, chloroform).

Ethyl myristate is an interesting biocompatible solvent which is relevant for further applications in biomedical cosmetics for instance. [2c, 8] The results and MGC (Minimal Gelation Concentration) are gathered in Table 1. Note that sugarboronates 3-6 equipped with alkyl chains only, led to solutions with most of the solvent used. Among them 3 gave also a partial gel in cyclohexane (less than half of the solvent was gelled) and a precipitate in ethyl myristate. However, compounds 1-2 and 7 were suitable gelators for toluene with minimal gelation concentrations ranging from 8 to 15 mg mL -1 which are similar or slightly lower than those obtained with the phenylboronate counterparts 1'-2' [6a] . Interestingly, whereas the phenylboronate -butylglucoside 1' gave a gel in cyclohexane, boronate 1-2 and 7 did not permit to obtain any gel with this solvent but precipitate or insoluble materials instead. Ethyl myristate was gelled with both alkylboronate -phenylglucosides 1-2 again with a lower MGC for the butyl derivative 1. However, the phenyl derivative 7 was insoluble in this solvent. A clear conclusion raising from this study is the specific need of an aromatic ring on the sugarboronate structure to obtain gels. It points out the importance of aromatic-aromatic interactions between gelators within the selfassembly of such molecules. [5b, 6a] Table 1. Gelation assays with boronates 1-7. [a] Boronate Toluene Cyclohexane Ethyl myristate AcOEt CHCl3 Gel characterization. We investigated the physicochemical characterizations of the five gels by rheometry and electron microscopy. Rheometry experiments were carried out with gels obtained with boronates 1 in toluene, and 2 in toluene and in ethyl myristate (Figure 2). Unfortunately, the other gels were not strong enough to be characterized by rheometry.
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Storage modulus (G', full line) and loss modulus (G'', dashed line) against strain % of organogels obtained with boronates 1-2 in toluene or ethyl myristate.

At low strain, all materials revealed storage moduli greater than loss moduli which confirmed the formation of gels (Table 2). In toluene, boronates 1 and 2 gave similar G' and G''. The difference is much more visible considering the resistance of the gels to deformation. Indeed, the octyl derivative 2 provided a greater resistance to deformation with about a ten times larger yield strain of 20% (the strain above which the gel gets irreversibly deformed with G'' becoming bigger than G'). In ethyl myristate, boronate 2 gave higher moduli compared to toluene and still a relatively high yield strain (10%). Comparison of these results with those obtained with the previous phenylboronate -alkylgucoside family 1'-2' is interesting to discuss. Indeed, when the alkyl chain and the phenyl ring were interchanged, the butyl derivative 1' gave greater moduli (G': 2724 Pa, G'/G'': 12.8) than 1 but still a low yield strain (2%). While the octyl derivative 2' gave poorer moduli values (G': 753 Pa, G'/G'': 2.2) than 2 but still a large yield strain (30%). Similar comparison can be made for gels formed in ethyl myristate, 2 provided higher moduli values than its interchanged counterpart 2' (G': 1075 Pa, G'/G'': 3.7) but a similar yield strain (10 and 15% respectively). Interestingly, these results show that the position of the phenyl ring and the alkyl chain has a limited influence on the yield strain but a great impact on the G' moduli.

It is also noteworthy that the variations of moduli are opposite when comparing butyl chain derivatives and octyl chain ones. Indeed, within the alkyboronate family, the butyl chain gave better gelation properties than the octyl derivative. However, for the phenylboronate counterparts, we observed the reverse situation; the octyl derivative giving better gelation properties than the butylboronate. [a] At strain < 1%, 1 Hz frequency.

Scanning electron macroscopy (SEM) images were recorded after lyophilization of toluene-based gels with compounds 1-2. These images permit to observe the result of the self-assembly of this organogelator within the gels. The xerogel obtained with the butyl derivative 1 gave fibres of 1 m width arranged in bundles (Figure 3, top). However, the n-octyl counterpart 2 provided images revealing a dense fibre network where it was difficult to identify the fibres (Figure 3, bottom). Water sensitivity. Another specific behaviour of such sugarboronate organogelators is their ability to be hydrolysed leading then to the disruption of the corresponding gels. In fact, the hydrolysis of the boronate function leads back to the two starting materials (glucoside and boronic acid) which are not organogelator themselves. Thus, we evaluated the impact of the position of both the alkyl chain and the phenyl ring on these sugarboronate structures, on the disruption of the gels upon water addition. These water-sensitivity assays were performed on toluene-based gels formed in the presence of 1-2 and 7 and their interchanged counterparts 1'-2'. Water (5% v/v) was added on the top of the gels in a tube and the time needed to disrupt the wholeness of each gel was determined (Table 3). The phenylboronate phenylglucoside 7 got disrupted in 1h only. This less cohesive gel is thus more sensitive to the water penetration than 1-2 and 1'-2'. The n-butyl derivatives 1-1' led to higher watersensitivity than the n-octyl counterparts 2-2' confirming the fact that more hydrophobic organogelators are less water-sensitive.

The comparison of regioisomers 1-1' on the one side and 2-2' on the other side provides a clear influence of the place of both the aromatic ring and the alkyl chain on the organogelator structures. Indeed, both for n-butyl and n-octyl, the derivatives bearing the alkyl chain on the boronate function (1-2) had a much higher water-sensitivity than the regioisomers 1'-2'. Therefore, the phenylboronates have a lower water-sensitivity compared to alkylboronate.

Table 3. Disruption time upon addition of water on toluene-based gels (5% v/v).

Compounds Time

1 (R 1 = Ph, R 2 = n-butyl) 2 h 2 (R 1 = Ph, R 2 = n-octyl) 48 h 7 (R 1 = R 2 = Ph) 1 h 1' (R 1 = n-butyl, R 2 = Ph) 3 h 2' (R 1 = n-octyl, R 2 = Ph) / [a]
[a] No hydrolysis after one week.

Conclusion

In conclusion we synthesized new members of organogelators based on a sugar-boronate structure bearing alkyl chains or a phenyl ring alternatively on the boronate function or on the sugar unit. Only compounds bearing a phenyl ring led to gelation in two solvents (toluene and ethyl myristate), keeping those with alkyl chains only as solution in these solvents. It means that an aromatic ring is a requirement for sugar-boronate derivatives to behave as organogelators. Within our comparative study, the regioisomers bearing the alkyl chain on the boronate function provided a higher water-sensitivity than their interchanged regioisomers where the alkyl chain and the phenyl ring were inverted. Therefore, this study added new clues on the impact of the structure of these organogelators on their gelation capacity and, on the viscoelastic properties and the water-sensitivity of the so-formed gels. All together these two series of regioisomer organogelators afford a wide range of gel disruption rates upon addition of a small amount of water. Then, it would allow new possibilities for the development of controlled water-sensitive drug delivery system for example.

Experimental Section

General. General procedure for the synthesis of boronates 1-6. In a 25 mL round bottom flask, alkylglucoside (0.3 mmol) and alkylboronic acid (0.3 mmol) were added. The mixture was then stirred in a kugelrohr distillation apparatus at 90°C; under 0.1 mbar for 15 min to give the product pure enough to make gels. Compounds were treated with diisopropylether when necessary.

General procedure for the synthesis of boronate 7. In a 25 mL round bottom flask, glycoside (0.3 mmol) and boronic acid (0.3 mmol) were added. Toluene (15 mL) was then added, and the mixture was heated under stirring at reflux for 5 hours equipped with a Dean-Stark apparatus.

The toluene was evaporated under reduced pressure to give the pure product. Compounds were then treated with diisopropylether when necessary. ), 32.6, 32.1, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 26.0, 24.1, 22.8, 22.8, 14.2, 14.2 134.3, 131.4, 129.8, 127.8, 123.5, 117.1, 101.4 (C1), 75.1 (C3), 74.4 (C4), 74.1 (C2), 68.9 (C5), 64.1 (C6). The carbon α to the boron was not observed. 11 B NMR (128 MHz, CDCl3) δ 27.1. HRMS (ESI) (M+Na) + calculated for C18H19O6 11 BNa 365.1172, found 365.1168.

Phenyl

Gel formation. The gels were prepared by mixing the appropriate amount of gelator into the appropriate organic solvent at various percentages in capped tubes. The tubes were heated at 60°C (cyclohexane), 80°C (toluene) or 120°C (ethyl myristate) for 1 h or until clear solutions were obtained. Clear solutions were then cooled down to room temperature to allow the formation of a gel.

Rheometry. Organogel samples were presented under disc form (4 cm diameter). Rheological measurements were performed on an Anton-Paar MCR301 equipped with an upper plate of 75 mm diameter. The frequency () was fixed to 1 Hz and the amplitude deformation (°) was gradually increased from 0 to 50% of shearing. Storage modulus G' and the loss modulus G" were obtained at 25°C.

Scanning electron microscopy (SEM).

Metallization by Au/Pd. Scanning Electron Microscopy (SEM) of xerogels were evaluated using the JEOL IT 300 Scanning Electron Microscope. Samples were collected and deposited on a Teflon plot. Each sample was examined using a voltage of 5 or 10 kV. Images were analysed by SMileView software.

  I: Insoluble; S: Soluble; P: Precipitate; G P : Partial gel; G T : Translucent gel; Values indicate minimum gelation concentrations (MGC) in mg mL -1 .

Figure 3 .

 3 Figure 3. SEM images obtained from corresponding xerogels, top: from nbutylboronate -phenylglucoside 1 in toluene at MGC and bottom: from noctylboronate -phenylglucoside 2 in toluene at MGC. Scale bar: 10 m.

  --D-glucopyranoside 4,6-(n-butyl)boronate 1. Yield: 78%. White solid; mp = 209-211°C. 1 H NMR (300 MHz, CDCl3) δ 7.31 (t, J = 7.5 Hz, 2H), 7.12-6.99 (m, 3H), 5.03 (d, J = 7.1 Hz, 1H, H1), 4.15 (dd, J = 10.4, 5.3 Hz, 1H, H6), 3.85 (t, J = 10.3 Hz, 1H, H6), 3.78-3.51 (m, 4H, H2-5), 2.87 (d, J = 1.5 Hz, 1H, OH), 2.70 (d, J = 2.3 Hz, 1H, OH), 1.42-1.19 (m, 4H), 0.88 (t, J = 7.0 Hz, 3H), 0.76 (t, J = 7.4 Hz, 2H

  octyl)boronate 4. Yield: 99%. White solid; mp = 72-73 °C. 1 H NMR (300 MHz, CDCl3) δ 4.37(d, J = 7.7 Hz, 1H, H1), 4.09 (dd, J = 10.3, 5.4 Hz, 1H, H6), 3.86 (dt, J = 9.4, 6.9 Hz, 1H, OCH2), 3.80 (t, J = 10.3 Hz, 1H, H6), 3.67-3.29 (m, 5H, OCH2, H2-H5), 3.03 (d, J = 1.7 Hz, 1H, OH), 2.79 (d, J = 2.5 Hz, 1H, OH), 1.62 (quint, J = 6.8 Hz, 2H), 1.41-1.17 (m, 22H), 0.87 (t, J = 6.6 Hz, 6H), 0.72 (t, J = 7.6 Hz, 2H).13 C NMR (75 MHz, CDCl3) δ 103.3 (C1), 75.0 (C4), 74.3 (C3), 74.2 (C2), 70.7 (OCH2), 68.7 (C5), 63.9 (C6

Table 2 .

 2 Main data extracted from rheometry analysis at low strain[a] and yield strain.

	Compound	Solvent	G'	G"	G'/G"	Yield strain
	1 (n-butyl)	Toluene	631	84	7.5	1%
	2 (n-octyl)	Toluene	606	95	6.4	20%
	2 (n-octyl)	Ethyl Myristate	1490	128	11.6	10%

-D-glucopyranoside 4,6-(n-octyl)boronate 2. Yield

  

	). 13 C NMR (75 MHz, CDCl3)
	δ 157.0, 129.8, 123.5, 117.0, 101.4 (C1), 75.1 (C3), 74.0 (C4), 74.0 (C2),
	68.8 (C5), 63.8 (C6), 26.3, 25.5, 14.1. The carbon α to the boron was not
	observed. 11 B NMR (128 MHz, CDCl3) δ 33.2. HRMS (ESI) (M+Na) +
	calculated for C16H23 11 BO6Na 345.1485, found 345.1481.
	Phenyl-: 98%.
	White solid; mp = 150-152 °C. 1 H NMR (300 MHz, CDCl3) δ 7.30 (t, J = 7.8
	Hz, 2H), 7.11-7.01 (m, 3H), 5.03 (d, J = 7.1 Hz, 1H, H1), 4.15 (dd, J = 10.3,
	5.2 Hz, 1H, H6), 3.85 (t, J = 10.3 Hz, 1H, H6), 3.80-3.64 (m, 3H, H2-4), 3.55
	(td, J = 9.4, 2.2 Hz, 1H, H5), 2.92 (brs, 1H, OH), 2.75 (brs, 1H, OH), 1.67-
	1.23 (m, 12H), 0.88 (t, J = 6.4 Hz, 3H), 0.75 (t, J = 7.5 Hz, 2H). 13 C NMR
	(75 MHz, CDCl3) δ 156.9, 129.8, 123.5, 117.1, 101.3 (C1), 75.0 (C3), 74.0
	(C4), 74.0 (C2), 68.8 (C5), 63.8 (C6), 32.6, 32.1, 29.6, 29.4, 24.1, 22.8, 14.3.
	The carbon α to the boron was not observed. 11 B NMR (96 MHz, CDCl3) δ
	28.8. HRMS (ESI) (M+Na) + calculated for C20H31O6 11 BNa 401.2111, found
	401.2106.
	n-Butyl--D-glucopyranoside 4,6-(n-butyl)boronate 3. Yield: 99%.
	White solid; mp = 94-95 °C. 1 H NMR (300 MHz, CDCl3) δ 4.37 (d, J = 7.7
	Hz, 1H, H1), 4.09 (dd, J = 10.3, 5.3 Hz, 1H, H6), 3.90 (dt, J = 9.5, 6.8 Hz,
	1H, OCH2), 3.81 (t, J = 10.3 Hz, 1H, H6), 3.67-3.33 (m, 5H, OCH2, H2-H5),
	3.09 (d, J = 1.8 Hz, 1H, OH), 2.85 (d, J = 2.6 Hz, 1H, OH), 1.69-1.51 (m,
	2H), 1.47-1.17 (m, 6H), 0.92 (t, J = 7.2 Hz, 3H), 0.87 (t, J = 7.2 Hz, 3H),
	0.73 (t, J = 7.5 Hz, 2H). 13 C NMR (75 MHz, CDCl3) δ 103.3 (C1), 75.0 (C4),
	74.3 (C3), 74.2 (C2), 70.5 (OCH2), 68.6 (C5), 63.9 (C6), 31.8, 26.3, 25.5,
	19.2, 14.0, 13.9. The carbon α to boron was not observed. 11 B NMR (96
	MHz, CDCl3) δ 31.6. HRMS (ESI) (M+Na) + calculated for C14H27O6 11 BNa
	325.1798, found 325.1794.

  . The carbon α to boron was not observed. 11 B NMR (96 MHz, CDCl3) δ 31.2. HRMS (ESI) (M+Na) + calculated for C22H43O6 11 BNa 437.3050, found 437.3045.

	n-Butyl--D-glucopyranoside 4,6-(n-octyl)boronate 5. Yield: 98%.
	White solid; mp = 69-70 °C. 1 H NMR (300 MHz, CDCl3) δ 4.37 (d, J = 7.7
	Hz, 1H, H1), 4.09 (dd, J = 10.4, 5.3 Hz, 1H, H6), 3.88 (dt, J = 9.5, 6.7 Hz,
	1H, OCH2), 3.81 (t, J = 10.4 Hz, 1H, H6), 3.65-3.34 (m, 5H, OCH2, H2-H5),
	3.06 (d, J = 1.8 Hz, 1H, OH), 2.83 (d, J = 2.5 Hz, 1H, OH), 1.67-1.55 (m,
	2H), 1.46-1.17 (m, 14H), 0.93 (t, J = 7.3 Hz, 3H), 0.87 (t, J = 7.0 Hz, 3H),
	0.73 (t, J = 7.6 Hz, 2H). 13 C NMR (75 MHz, CDCl3) δ 103.3 (C1), 75.0 (C4),
	74.3 (C3), 74.2 (C2), 70.4 (OCH2), 68.6 (C5), 63.9 (C6), 32.6, 32.1, 31.8,
	29.6, 29.4, 24.1, 22.8, 19.2, 14.2, 13.9. The carbon α to boron was not
	observed. 11 B NMR (96 MHz, CDCl3) δ 31.0. HRMS (ESI) (M+Na) +
	calculated for C18H35O6 11 BNa 381.2424, found 381.2420.
	n-Octyl--D-glucopyranoside 4,6-(n-butyl)boronate 6. Yield: 98%.
	White solid; mp = 66-68 °C. 1 H NMR (300 MHz, CDCl3) δ 4.37 (d, J = 7.7
	Hz, 1H, H1), 4.09 (dd, J = 10.3, 5.3 Hz, 1H, H6), 3.86 (dt, J = 9.4, 6.8 Hz,
	1H, OCH2), 3.80 (t, J = 10.3 Hz, 1H, H6), 3.67-3.32 (m, 5H, OCH2, H2-H5),
	3.06 (brs, 1H, OH), 2.81 (brs, 1H , OH), 1.62 (quint, J = 6.9 Hz, 2H), 1.42-
	1.23 (m, 14H), 0.87 (t, J = 6.9 Hz, 3H), 0.86 (t, J = 7.1 Hz, 3H), 0.73 (t, J =
	7.4 Hz, 2H). 13 C NMR (75 MHz, CDCl3) δ 103.3 (C1), 75.0 (C4), 74.3 (C3),
	74.2 (C2), 70.7 (OCH2), 68.6 (C5), 63.9 (C6), 31.9, 29.7, 29.5, 29.3, 26.3,
	26.0, 25.5, 22.8, 14.2, 14.0. The carbon α to boron was not observed. 11 B
	NMR (96 MHz, CDCl3) δ 34.1. HRMS (ESI) (M+Na) + calculated for
	C18H35O6 11 BNa 381.2424, found 381.2421.
	Phenyl--D-glucopyanoside 4,6-phenylboronate 7. Yield: 97%. White
	solid; mp = 193-195°C. 1 H NMR (300 MHz, CDCl3) δ 7.82 (d, J = 7.1 Hz,
	2H), 7.46 (t, J = 7.5 Hz, 1H), 7.40-7.30 (m, 4H), 7.12-7.04 (m, 3H), 5.08 (d,
	J = 6.1 Hz, 1H, H1), 4.33 (dd, J = 9.6, 4.3 Hz, 1H, H6), 4.03 (t, J = 9.5 Hz,
	1H, H6), 3.92-3.83 (m, 3H, H2-4), 3.69 (td, J = 9.2, 2.1 Hz, 1H, H5), 2.95
	(brs, 1H, OH), 2.75 (brs, 1H, OH). 13 C NMR (75 MHz, CDCl3) δ 157.0,
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Structure-property relationships was compared between alkylboronate and phenylboronate associated to glucoside derivatives. Organogelation and water-sensitivity were particularly impacted by the molecular structure of those potential organogelators and specifically to the presence of a phenyl ring and on its position on the sugar-boronates.
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