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Table 1 Structures of the amide linked triazoles and their yields

Compound no. Clog P R= Subcategories Yields
7 0.73 }{\/ Alkyl-C3 85%
9 3.91 I UGN Alkyl-C9 81%
10 4.44 NN NN Alkyl-C10 78%
1 6.55 \f\/\/\/\/\/\/\/ Alkyl-C14 77%
12 0.96 M Alkynyl-C4 79%
13 0.97 WCI Chloro-C4 86%
14 1.50 @ Phenyl- 90%
15 2.15 g\/\/© Phenyl-C3 87%

/ ,
16 —0.76 N\ Amino-C1 79%
17 —2.31 ﬁ(OH Hydroxyl-C1 72%
18 —-1.63 Hydroxyl-C2 84%
ﬂ/\OH
19 —1.25 MOH Hydroxyl-C3 77%
20 0.39 m Hydroxyl-C(6) 78%
OH
21 1.92 O N N N Hydroxyl-C9 88%
OH
(0]
22 -0.16 M Carboxyl-C4 72%
OH
0]
23 1.96 M Carboxyl-C8 65%
OH
24 ~0.29 P \/\/\5\ Dimer C-4 51%

18 formed gels in ethanol and water mixtures. These results are
significant since we can predicate that other suitable analogs
with this type of template will be able to form gels in water and
aqueous solutions.

Structure and gelation properties

Among the alkyl derivatives 7-11, only the short chain propyl
derivative 7 was able to form a hydrogel. When the compounds
contain linear aliphatic chain spacer with terminal functional
groups, they are effective hydrogelators, these include alkynyl
(12), chloro (13), phenyl (15), dimethyl amino (16), hydroxyl (17,
18, 19, 21), carboxyl (22, 23). The best performing hydrogelator
is the propyl derivative 7, which formed hydrogels at 0.15 wt%

This journal is © The Royal Society of Chemistry 2017

concentration and also formed gels in mixtures of ethanol or
DMSO with water. The phenyl triazole compound 14 and
cyclohexanol derivative 20 have no alkyl spacer between triazole
and the functional groups, and they did not form hydrogels.
Interestingly; compound 20 was the only one formed a stable gel
in toluene. None of these compounds formed gels in dichloro-
methane, and they were all insoluble in hexane. The alkyl
derivatives are more effective gelators for alcohols, compounds
9-11 with nine, ten and fourteen carbon chain respectively, can
form gels in both ethanol and isopropanol. The phenyl deriva-
tive 14 was effective gelator for ethanol, and the dimeric
compound 24 was effective gelator for both ethanol and
isopropanol.
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Table 2 Gelation test results for the library compounds in several solvents®

No. Hexane Toluene DCM i-PrOH EtOH EtOH : H,O (1:2) DMSO : H,O (1:2) H,O

7 I UG 20.0 S S G 10.00 G 10.00 G 5.0p G 1.5¢
8 I S S S S G 140 G 1.00 I

9 I I S G 20.0¢ G 20.0¢ G 3.30 G 1.1 I

10 1 I S G 20.00 G 20.00 G 1.4 G 1.1, I

11 I UG 10.0¢ P G 6.7¢ G 4.00 I G 5.00 I

12 I P S S S G 4.01 G 20.0p G 5.01
13 1 S S P S G 2.0p G 3.3¢ G 2.5¢
14 1 P P I G 6.7¢ I G 10.0¢ I

15 I S S P S G 1.7¢ G 2.0p G 5.0p
16 1 S 1 G 20.01 S G 10.00 G 20.00 G 4.0o
17 1 I 1 G 20.0r S G 6.70 G 10.0¢ G 2.20
18 1 I 1 P P P P G 1.8
19 1 I I S S G 10.0t UG 20.01 G 2.0t
20 1 G 3.3¢ S S S G 5.00 P P

21 I I I S S G 2.0¢ G 2.50 G 2.0o
22 1 I S S S G 10.00 G 10.00 G 10.0,
23 1 I 1 S G 20.0p G 2.8 G 2.8¢ G 2.0¢
24 1 P S G 5.0p G 2.5¢ G 10.00 G 5.0p I

% G, gel at room temperature, the numbers are the corresponding minimum gelation concentrations (MGCs) in mg mL™'; C, transparent; T,
translucent; O, opaque; UG, partial gel or unstable gel; 1, insoluble; P, crystallize or precipitate; S, soluble at ~20 mg mL ™"

c d e

Fig. 2 (a) A translucent gel formed by compound 7 in H,O at
1.5 mg mL~% (b) a translucent gel formed by compound 9 in DMSO : H,O
(v1:2)at11mgmL™% (o) a transparent gel formed by compound 21 in
EtOH : H,O (v 1:2) at 2.0 mg mL™% (d) a transparent gel formed by

compound 23 in water at 2.0 mg mL™%; (e) a translucent gel formed by
compound 24 in ethanol at 2.5 mg mL ™%,

There is a strong correlation between the gelation properties
and their structures among these 4-triazole-alkyl derivatives. We
attempt to obtain a rationale using computed Clog P values,
these are shown in Table 1 next to the compound numbers.
When R is an alkyl group as in compounds 7-12 and an alkyl
with non-polar substituent (13), the Clog P values correlate to
the hydrogelation very nicely. Compounds 7, 12, and 13 are
effective hydrogelators and their Clog P values are lower than
1.0. For compounds with different substituents such as aryl and
polar functional groups, the Clog P values don't agree with
gelation properties well, and it can't give meaningful interpre-
tation for hydrogelation. Despite the limitation, for aliphatic
functional groups, it may be possible to use the Clog P values to
predict hydrogelation outcomes.

40890 | RSC Adv., 2017, 7, 40887-40895

Based on the analysis of the gelation properties, we can easily
see that the addition of triazole moiety to the glucosamide
analogs led to enhanced gelation results. In comparison to our
previous observations of the amide derivatives without triazole
moiety,*" the current compounds are more effective as LMHGs.
It is interesting that many of the triazole analogs are not only
hydrogelators they are also effective organogelators. As shown
in Table 2, these amide triazole derivatives are very effective
organogelators for ethanol and water or DMSO and water
mixtures. All compounds but two alcohol analogs are gelators
for DMSO and water mixtures. In order to find out the perfor-
mance of the gelators in a mixture of solvents, we tested the
gelation behaviour of a few selected compounds in different
ratios of DMSO and water. Table S11 shows the performance of
these compounds at different proportions of DMSO and water
mixtures. The most effective hydrogelator compound 7 is also
the smallest among the analogs synthesized in Scheme 1. It not
only formed hydrogel in water at 1.5 mg mL ", but also formed
stable gels at different proportions of DMSO and water mixture,
from 33% DMSO aqueous mixture up to 4.5% DMSO aqueous
mixture.

Gel characterizations

We also analyzed the morphology of the gels under an optical
microscope. Fig. 3 shows the optical micrographs of the lightly
air dried gels formed by compounds 7, 9, 11, and 23. Compound
7 formed translucent hydrogel (Fig. 2a), the partially dried gels
showed some fibrous formation but still contained water
(Fig. 3a). Compound 9 in EtOH : H,O (v 1 : 2) showed birefrin-
gent long and curved fibers with average diameters of 0.5 pm
(Fig. 3b). The long chain analog 11 in EtOH exhibited similar
fibrous network (Fig. 3c) but seems to have more crosslinks
between the fibers. Compound 23 with a terminal carboxyl

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c7ra06228a

Open Access Article. Published on 22 August 2017. Downloaded on 11/09/2017 20:35:53.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Fig.3 Optical micrographs of the gels formed by several compounds: (a) compound 7 in H,O at 1.5 mg mL™%; (b) compound 9 in EtOH : H,O (v
1:2) at 3.3 mg mL™%; (c) compound 11 in EtOH at 4.0 mg mL™%; (d) compound 23 in DMSO : H,O (v1: 2) at 2.8 mg mL™%; (e) compound 23 in
EtOH : H,O (v 1:2)at 2.8 mg mL™%; () compound 23 in H,O at 2.0 mg mL™%.

group exhibited versatile gelation properties in several solvents
and water. The morphologies of the gels seems to differ based
on the solvent systems (Fig. 3d-f). The DMSO : H,O (v 1 : 2) gel
showed very long and straight fibers with average length over 500
um and a distribution of widths ranging from 0.5-1.5 pm. These
long rods and cylindrical tubes are not uniform perhaps due to
the drying process that certain solvent evaporated faster for
certain areas. In the EtOH : H,O (v 1 : 2) gel of compound 23,
the morphology (Fig. 3e) is very similar to that of the alkyl
analog 9 as shown in Fig. 3b; the gels also formed long and soft
fibrous network, with uniform and narrow width (~0.5 pm). The
hydrogel formed by 23 showed interesting curled fibrous
network and densely packed fibrous assemblies (Fig. 3f), in
contrast to the aqueous mixtures, the hydrogels appear not
birefringent. The interconnected fibers are uniform in size with
diameters about 0.2 pm.

This journal is © The Royal Society of Chemistry 2017

To analyze the strength of the gels, we studied the rheolog-
ical properties of a few gels. The dynamic moduli G’ and G” were
measured and plotted as a function of angular frequency w at
their MGCs for compounds 7, 13 and 21. As shown in Fig. 4, the
storage modulus G’ is greater than the loss modulus G” for all
these gelators. The fact that G’ is greater than G” is an indication
that the gels are elastic semisolid. The gel formed by chlor-
obutyl analog 13 exhibited the largest storage modulus among
three tested gels.

Controlled release of drugs

Because of the excellent gelation abilities in water, these
compounds can have important biological applications. We
analyzed the effectiveness of the molecular hydrogels for
controlled release from gel to solution phase as a proof of
concept study. The gel formed by compound 7 was selected for

RSC Adv., 2017, 7, 40887-40895 | 40891
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@ 1 7 (Storage modulus G')
® ¢ 7 (Loss modulus G")

B 1+ 13 (Storage modulus G')
B 1 13 (Loss modulus G")

A 1 21 (Storage modulus G')
A ' 21 (Loss modulus G")
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Fig.4 Rheological properties of the gels formed by compounds 7 in H,O at 1.5 mgmL™, 13in EtOH : H,O (v1: 2)at 2.0 mg mL~*and 21in H,O

at2.0 mgmL™%,
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Fig. 5 Release of chloramphenicol from the hydrogel formed by
compound 7 to the aqueous phase. Gel was formed by compound 7
(2 mg) and chloramphenicol (0.25 mq) in water (1.4 mL). Chloram-
phenicol control was prepared by dissolving chloramphenicol
(0.25 mg) in water (3 mL).

controlled release of antibiotic chloramphenicol from the gel
matrix. UV spectroscopy was used for the study, the results are
shown in Fig. 5. The hydrogel formed by gelator 7 at its MGC in
presence of chloramphenicol showed that the gel was stable
for encapsulating the drug, which was only slowly released,
about 70% in a period of 36 hours was released to the aqueous
phase through diffusion (Fig. S1 and S27). This indicates that
the gel is suitable as carrier for sustained release of small
molecule drugs.

We also analysed the diffusion and absorption of a dye onto
the gel matrix. The toluidine blue absorption using the hydro-
gelator 13 is shown in Fig. 6. The toluidine blue was slowly
absorbed by the gel matrix in 3 days (Fig. S3t). At equilibrium,
the concentrations of the dye in the gel phase and solution

40892 | RSC Adv., 2017, 7, 40887-40895
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Fig.6 UV-Vis spectra of toluidine blue solution on top of the hydrogel
of compound 13 (5 mg) in water (2 mL). The blue curve is the standard
toluidine dye solution (2 mL, 0.1 mM) before adding to the hydrogel.

phase were almost the same, this implies that the hydrogel is
permeable with the dye molecules to diffuse freely and therefore
it is suitable for entrapping toluidine blue type of dyes or drugs.

Conclusions

In summary, we have designed and synthesized a new series of
sugar based low molecular weight organogelators and hydro-
gelators using 4,6-O-benzylidene acetal protected b-glucos-
amine and “click” reactions. Among the eighteen compounds
synthesized and studied, all can form gels in at least one of the
tested solvents, and many of them formed hydrogels at 0.15-1.0
wt%. The structures of the hydrogelators indicate that a delicate
balance of hydrophobic and hydrophilic functional groups
must be maintained for effective gelation. When the substitu-
ents at the C-4 position of the triazole is an alkyl group, the
Clog Pvalue should be less than 1.0 in order for the compounds

This journal is © The Royal Society of Chemistry 2017
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to be effective hydrogelator. Moreover, when the C-4 triazole
substituents contain a terminal polar functional group, they
are also effective hydrogelators. The hydrogels formed by
compound 7 are suitable for sustained release of entrapped
chloramphenicol. The dye diffusion study with toluidine blue
and gelator 13 shows that the hydrogel is permeable to small
molecules and reached equilibrium in about 3 days. These
results indicate that the p-glucosamide triazole derivatives are
very effective small molecular gelators and can be useful
in designing sugar based soft materials for a variety of
applications.

Experimental section
General methods

All reactions were carried out in oven dried glassware under
nitrogen atmosphere. Reagents and solvents were obtained
from commercial suppliers from Sigma-Aldrich, VWR, and
Fisher and used directly without purifications. All reactions
unless otherwise noted were carried out. Flash chromatography
was carried out using 230-400 mesh silica gel. Thin-layer
chromatography (TLC) analysis was performed with
aluminum backed TLC plates (Sigma-Aldrich) with UV and
fluorescence indicator and visualized using UV lamp at 254 nm
then stained with PMA solution. "H NMR and proton-decoupled
3C NMR spectra were obtained with Bruker 400 MHz spec-
trometers in DMSO-dg or CDCl;. The chemical shifts were re-
ported using CDCI;/DMSO-d¢ as internal standard at 7.26/
2.50 ppm and at 77.00/39.50 ppm, respectively. The molecular
mass was measured using LCMS on an Agilent 6120B Single
Quad Mass Spectrometer and LC1260 system.

Gelation test for DMSO and water mixture at different ratios

In a one dram vial, compound 7 (2 mg) was dissolved in DMSO
(0.05 mL); to this solution, water (0.45 mL) was added, the
mixture was sonicated and heated till homogenous and left
standing at rt for 15 minutes. The vial was inverted to observe
whether a stable gel formed, if a stable gel formed, then water
(0.1 mL) was added subsequently until a stable gel could not be
obtained. Other compounds (9, 13, 15, 16, 21, and 23) were
tested similarly. The volume ratio of DMSO and water was
calculated and the gelation concentrations are included in
Table S1 in the ESL}

Drug encapsulation and release

Chloramphenicol was trapped into the hydrogel of compound 7
and the release from gel to solution was tested. Compound 7
(2 mg), chloramphenicol (0.25 mg), and water (1.4 mL) were
mixed in a one dram vial, the co-gel was prepared by heating/
sonication and then cooling. After a stable gel was formed the
gel was left standing at rt for 2 hours, then water (3 mL, pH 7)
was added on top of the gel carefully. Chloramphenicol release
from the gel was monitored by UV absorption at certain times by
transferring the top aqueous layer with a pipet to a cuvette, after
each measurement the aqueous phase was carefully transferred
back to the vial containing the gel residue. Photographs were

This journal is © The Royal Society of Chemistry 2017
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taken at these time points and these are shown in Fig. S1.1 The
drug release profile at different time course was measured using
UV spectroscopy and plotted as shown in Fig. 5.

Dye diffusion and absorption studies

Toluidine blue dye was selected for the diffusion study using
hydrogel of compound 13 (5 mg) in water (2 mL). After a stable
gel was formed and left standing for 2 hours, toluidine blue
aqueous solution (2 mL, 0.1 mM) was added slowly on top of the
gel. Photographs were taken at different time course (Fig. S37)
followed by the measurement of UV absorption of the top
aqueous layer. Adsorption of toluidine blue from aqueous
solution to the hydrogel at different time interval was moni-
tored by UV-Vis spectroscopy and the results are shown in Fig. 6.

Synthesis of compound 5

To a 250 mL round bottom flask, compound 4 (4.01 g, 14.1
mmol) was dissolved in DCM (30 mL). To this solution, K,CO;
(3.91 g, 28.2 mmol) was added and the reaction mixture was
cooled to 0 °C followed by addition of bromo acetic anhydride
(3.61 g, 14.1 mmol, pre-dissolved in DCM) dropwise over
a period of 15 minutes. The reaction was stirred at 0 °C for 2
hours and warmed to room temperature and stirred for an
additional 8 hours. Reaction was quenched with saturated
NaHCO; (50 mL) solution and worked up with DCM/water.
Combined organic layers were dried over anhydrous Na,SO,,
filtered, concentrated to give the crude product, which was
purified by flash chromatography using eluent from pure DCM
to 2% MeOH/DCM to afford the product as a white solid (5.30 g,
94%) (R¢ = 0.5 in 2% MeOH/DCM), mp 228.0-230.0 °C. "H NMR
(400 MHz, CDCl3) 6 ppm 7.52-7.45 (m, 2H), 7.41-7.33 (m, 3H),
6.78 (d, J = 8.8 Hz, 1H), 5.56 (s, 1H), 4.74 (d, J = 3.8 Hz, 1H),
4.33-4.26 (m, 1H), 4.25-4.17 (m, 1H), 4.00-3.87 (m, 3H), 3.86-
3.74 (m, 2H), 3.63-3.56 (m, 1H), 3.44 (s, 3H); "*C NMR (100 MHz,
CDCl;) 6 166.5, 137.0, 129.3, 128.3, 126.3, 102.0, 98.7, 81.9, 70.3,
68.8, 62.4, 55.5, 54.4, 29.0; LCMS (ESI+) calcd for C;6H,BrNOg
[M + H], 402.0 found 402.1.

Synthesis of compound 6

Compound 5 (5.30 g, 13.1 mmol) was dissolved in acetone (50
mL) in a 250 mL round bottom flask. To this solution sodium
azide (3.20 g, 0.13 mol) was added and the reaction mixture was
stirred for 12 hours under refluxing condition. Acetone was
removed under reduced pressure and the resulting residue was
dissolved in water and then extracted with ethyl acetate. The
combined organic layers were washed with brine, dried over
anhydrous Na,SO,, filtered and concentrated to afford the
crude. It was then purified by flash chromatography using
a gradient of solvent system of EtOAc : hexane from1:4to1: 1.
The desired product was obtained as a white solid (4.60 g, 94%),
(Re = 0.7 in 70% EtOAc/hexane). mp 207.0-209.0 °C. '"H NMR
(400 MHz, CDCl;) 6 7.54-7.45 (m, 2H), 7.41-7.31 (m, 3H), 6.62
(d,J = 9.0 Hz, 1H), 5.56 (s, 1H), 4.72 (d, J = 3.7 Hz, 1H), 4.31-
4.19 (m, 2H), 4.07 (d,J = 16.7 Hz, 1H), 4.01 (d, J = 16.7 Hz, 1H),
3.93 (dd ~ t,J = 9.5 Hz, 1H), 3.86-3.72 (m, 2H), 3.61-3.54 (m,
1H), 3.42 (s, 3H); "*C NMR (100 MHz, CDCl;) 6 167.6, 137.0,

RSC Adv., 2017, 7, 40887-40895 | 40893
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129.3, 128.3, 126.3, 102.0, 98.7, 81.9, 70.2, 68.8, 62.4, 55.4, 53.7,
52.5; LCMS (ESI+) caled for C;H,;N,Og [M + H]', 365.1 found
365.1.

Synthesis of compound 7

Compound 6 (83 mg, 0.22 mmol) was dissolved in acetonitrile
(5 mL). To this solution, 1-pentyne (0.033 mL, 0.33 mmol) was
added, followed by adding Cul (6.5 mg, 0.034 mmol) and DIEA
(0.19 mL, 1.1 mmol). The reaction mixture was stirred for 24
hours at room temperature. After complete disappearance of
starting material as indicated by TLC or "H NMR spectroscopy,
solvent was removed under reduced pressure. The crude
product was purified by column chromatography using eluent
from pure DCM to 2% MeOH/DCM to obtain an off-white solid
(81 mg, 85%) as the desired product (R = 0.3 in 5% MeOH/
DCM). mp 226.0-228.0 °C. 'H NMR (400 MHz, d¢-DMSO)
6 8.44 (d, J = 8.5 Hz, 1H), 7.77 (s, 1H), 7.49-7.43 (m, 2H), 7.41-
7.35 (m, 3H), 5.62 (s, 1H), 5.31 (d, J = 5.6 Hz, 1H), 5.11 (d, ] =
16.3 Hz, 1H), 5.07 (d, J = 16.3 Hz, 1H), 4.66 (d, J = 3.6 Hz, 1H),
4.19 (dd, J = 9.9, 4.7 Hz, 1H), 3.91-3.81 (m, 1H), 3.80-3.59 (m,
3H), 3.56-3.47 (m, 1H), 3.33 (s, 3H), 2.59 (t,/ = 7.5 Hz, 2H), 1.66-
1.55 (m, 2H), 0.91 (t, /] = 7.4 Hz, 3H); ">’C NMR (100 MHz, d¢-
DMSO) 6 165.8, 146.3, 137.7, 128.8, 128.0, 126.4, 123.3, 100.9,
98.5, 81.7, 67.9, 67.5, 62.5, 54.8, 54.3, 51.3, 27.0, 22.2, 13.6;
LCMS (ESI+) caled for C,,H,0N,04 [M + H]', 433.2 found 433.2.

Compounds 8-24 were synthesized by similar methods
either with Cul or CuSO, as the catalyst, the detailed procedure
and characterizations are included in the ESLf
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