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series of supramolecular gelators: role of methyl
functionality and S...O interaction
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ABSTRACT

A new series of N-(thiazol-2-yl) benzamide deriva were synthesized, characterized and
investigated for their gelation behavior with thendo elucidate the role of methyl functionality
and multiple non-covalent interactions on gelatom-gelation behavior using Crystal
engineering approach. Interestingly, two amidesnelg, 3-methyl-N-(thiazol-2-yl) benzamide
(1c) and 3-methyl-N-(5-methylthiazol-2-yl) benzamide)(displayed gelation behavior towards
ethanol/water and methanol/water mixture with gastdbility and low minimum gelator
concentration (MGC). The single crystal structurgeator (c) displayed the helical assembly
driven byn-z interaction along with cyclic N-H...N and S...O intetian, whereas single crystal

structure of gelator3€) displayed 2D hydrogen bonded network without amyinteraction.

KEYWORDS: Crystal engineering, supramolecular gelt S...O interaction, helical

architecture, thiazole amide derivatives



INTRODUCTION

2-aminothiazole and its derivatives, a simple hogelic compound, with huge biological
implication are at the forefront of research andeflepment since many decadeSurprisingly,
the use of 2-aminothiazole as structural motif @wystal engineering and supramolecular
assembly is not addressed to its fulfestn our quest for new supramolecular gelators, we
serendipitously discovered 2-aminothiazole as asatée structural motif for design and
synthesis of new Low Molecular Weight gelators (LMP8)*® LMWGSs are special class of
supramolecular materials capable of immobilizingveot (water, organic or mixture) through
weak non-covalent interactions such as hydrogeuibgnr-r, van der Waals forces, etc. In last
two decades, design, synthesis and applicatioewfltMWGs have gained considerable interest
due to its potential applications in various arefaesearch ranging from material science to bio-
medical application$!® Even though, most of the LMWGSs were discoveregtisdipitously
but crystal engineering approach proved to beiahiel tool for designing new LMWGS’

Recently, we found series of compounds, which carclassified as LMWGs based on 2-
aminothiazole capable of immobilizing wafeand organic solventg:?° Our studies on aliphatic
amides of 2-aminothiazole displayed many intergstiroperties such as dependence of gelation
behaviour on the position of methyl functionalitp @-aminothiazole as well as number of
methylene group in the aliphatic backbone, i.eenemumber of methylene groups (-§H
displayed gelation, whereas odd number of -@Qkbup was found to be deterrent to gelation
behaviour:’

Inspired by our success with 2-aminothiazole bd9dilVGs (salts, amides, metal complex),
we decided to design new series of compounds congaihe 2-aminothiazole moiety, amide

linkage and aromatic backbo(@hart 1). These set of compounds may provide an opportunity



to study the role of- © interaction in inducing supramolecular gelatioang with other weak
non-covalent interactions such as (methyl) C-kJ.(methyl) C-H...N, (methyl) C-H...SS¢theme
1). Our studies on 2-aminothiazole based LMWGs digpdl frequent occurrence of
intermolecular cyclic N-H...N interaction and intralecular (amide) O.....S (thiazole)
interactions(Scheme [A). Surprisingly, S...O interaction is rarely explored sagpramolecular
glue in crystal engineering related studteas compared with its prevalence in biological
systemf?2°

In the present study, series of thiazole based enhidving aromatic backbone were
synthesized and characterized by various physicoa methods. The effect of position of
methyl functionality (thiazole moiety and benzemeg)y on crystalline packing and gelation
behavior was evaluated. Out of 12 compounds syizéeedwo (Lc and3c) displayed excellent
gelation behavior towards ethanol/water and methaater mixture (1:1). The single crystal
structure of two gelatorsl¢ and 3c) and non-gelatorsl, 1d, 3b and3d) were compared to
understand the cause of gelation/ non-gelation\nehhased on hydrogen bonding pattern and

synergistic effect of other weak non-covalent iat¢ion such as S...O, C-Hz,.n...n, etc.
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Chart I: List of N-(thiazol-2-yl)benzamide derivatives s$lyasized in the present study
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Scheme 1: Probable supramolecular synthons in amides aaddle containing amides



Experimental Section
Materials and physical measurements

2-Aminothiazole (97%), 2-Amino-5-methylthiazole @8 2-Amino-4-methylthiazole (98%),
benzoic acid (97%), 2-toluicacid (98%), 3-toluidda98%), 4-toluicacid (99%) (All Chemical
were purchased from Aldrich) were used as receiVéeé. other chemicals were of the highest
commercial grade available and were used withatihéu purification. The solvents used for the
preparation of gels were reagent grade. All solversted in the synthesis were purified, dried
and distilled as required. FTIR Spectra were resdron a Perkin Elmer —RX FTIR instrument.
Solid samples were recorded as an intimate mixite powdered KBr. Microanalysis was
performed on Perkin Elmer elemental analyzer (Selfie2400). The'H- NMR spectra were
measured by using a Bruker AVANCE, 400MHZ fét-NMR with TMS as internal standard.
Morphologies of all reported gel materials were estigated using Scanning Electron
Microscopy (SEM) (JEOL JSM5610 LV microscope). RREM study, the gel samples were
dried at room temperature (25°C) to obtain xerofgdiowed by recording the micrographs.
Single crystal X-ray study was carried out on Sin@rystal X-ray diffractometer (Xcalibur,
EOS, Gemini diffractometer). All structures weréved and refined using the OleXZoftware
and ShelXP® refinement package Graphics are generated using@QUER 3.9. All structures
are solved by direct methods and refined in a neuthanner. In all cases, non-hydrogen atoms
are treated anisotropically. Whenever possible hyarogen atoms are located on a difference
Fourier map and refined. In other cases, the hyar@joms are geometrically fixed.

Rheological study: Samplela and1c were subjected to rheological study by amplitugdeep
methods using TA instruments (Model- ARES G2) at@5Rheometer has parallel plate

geometry with a plate diameter of 50 mm maintaiae@ gap of Imm. The gel samples were



subjected to frequency variation of 10 rad/s. Tteagie (G’) and loss modulus (G”) of the

samples were evaluated with respect to oscillagtoain (in %).

Gelation Study

A weighted amount of potential gelator and a measurolume of selected pure organic
solvent were placed into a test tube, and the systas heated in oil or water bath until all solid
materials were dissolved. The solution was coatedm temperature and finally, the test tube
was turned upside down to observe if the solutimside could still flow. A positive test is
obtained if the flow test is negative. Systems imal only solution remained until the end of the
tests are referred as solutions (S). Systems tleatclear solutions when they are hot but
precipitation or crystallization occurs when theye aooled down to room temperature are
denoted by P (precipitation) and R (recrystalliza}j respectively. Temperatures of gel-to-sol
transition {Tge) Were determined by using a conventional “fallbadl” method. In a typical g&;
measurement experiment, a small glass ball (63nag) earefully placed on the top of the gel
sample in a test tube. The tube was slowly heatedthermostated oil bath until the ball fell to
the bottom of the test tube. The temperature athvtiie ball touched the bottom of the test tube

was recorded as gel-sol transition temperatugg) for a given gelator-solvent system.

Synthetic procedure

Synthesis method of N-(thiazol-2-yl) benzamide derivatives
Oxalyl chloride (2 mL, 20 mmol) was added slowlyasolution of monocarboxylic acids (2

mmol) in dry dichloromethane (10 mL) under a nisn@tmosphere with continuous stirring and
reaction mixture was kept for 12 hours under irsrhosphere. Excess oxalyl chloride and

solvent were removed by distillation under redupeelssure. The acid chloride obtained was



dissolved in dry dichloromethane (10 mL) and subsetly, added to the 2-aminothiazole (2
mmol) and triethylamine (0.3ml, 2.15mmol) mixture & RB flask. The mixture was stirred
under a nitrogen atmosphere for more than 12 hdurs reaction mixture was then added to
dilute hydrochloric acid (5%), and extracted withlaroform. The product obtained after
removing chloroform was further purified by repehteystallization from ethanol.

Synthesis and Characterization: All the synthesized compounds were charactenzgtus
physicochemical studies. The IR studies of compeudaeld, 2a-2d and3a-3d showed amide |
(C=0) stretching peak in the range of 1611-1688 amd N-H stretching frequency in the range
of 3452-3182 cil (see supporting information). All the compounds were further characterized

by 'H NMR spectroscopy and elemental analysis.

RESULTSAND DISCUSSION

Gel Formation and mor phology studies

All the synthesized compounds were subjected tatigel test in various solvents with varied
polarity ranging from highly polar solvents suchveater, ethanol, methanol, etc. to very less
polar solvents such as toluene and n-octade@eaesupporting infor mation Table S1). Out of
12 synthesized compounds only twi@ @nd3c) turned out to be good gelator for ethanol/water
(1:1) and methanol/water (1:1) mixtude and3c showed quite low minimum gel concentration
(MGC) for the gelation of methanol/water and etHamater mixture(Table S1).

A graph of Te versus concentration of gelator molecules in w{wt/) showed a gradual
increase in Je Up to a certain concentration of gelator thengalatwas observe(Figure
1).Understandably, the increase in gelator conceotraimproves the self-aggregation and

stability of supramolecular assembly but not beyoedain critical concentration. The nature of



the graph for e versus concentration of gelator is frequently obseérfor supramolecular

gelators.
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Figure 1. Sol-to-gel transition temperatureg) versus change in concentration (wt % w/v)

graph for gelatoiic and3c in ethanol/water mixture

To study the morphology of gelator fibres a dethi#=M analysis was carried out on xerogel
(dried gel) oflc and3c obtained from ethanol/water (1:1) d€igure 2). SEM image of xerogel
of 1c displayed highly crossed linked twisted fibreswéwer, the xerogel ddc showed a well-
defined independent assembly of rod like morphaldggesumably, such loose collections of
crystalline tubes immobilize solvents, resultinganweak gel (high MGC). Understandably,
highly cross linked network of fibres it would be capable of hardening a solvent easily tha

bundle of rods, which lacks a junction point anftiass linking 8c).
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Figure2: SEM images of xerogel of (Ay and (B)3c from 1:1 ethanol/water mixture

The gel made from the gelatdrs and3c were further characterized by rheological expentse
The magnitude of the storage modulus (G’) was faiande an order of magnitude higher that
the loss modulus (G”) for both the gel samples.sTtapresents the true behaviour of the

viscoelastic gel material&igure 3).
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Figure 3: Rheological studies of the gel formed from A) 1c and B) 3cin ethanol/water
mixture (1:1)
Single crystal X-ray studies of compounds (1b-1d and 3b-3d)
2-methyl-N-(thiazol-2-yl) benzamide (1b): 1b crystallizes in the orthorhombic space group
Pccn. Asymmetric unit otb contains one molecule of 2-methyl-N-(thiazol-2-gBnzamide.
Two molecules oflb are strongly hydrogen-bonded with each other thinocyclic N-H.....N

(thiazole) (N....N =2.951 AzZN-H.....N=175.98) and N-H...N (thiazole) (N....N=2.951 A/N-



H...N =175.98) interactions, along with the intramolecular bdretween the carbonyl oxygen
atom and the thiazole sulphur atom (O....S=2.71983%ulting in a zero-dimensional (0OD)
network. The OD network extends to 1D through tliferbated short contacts between the
benzene ring i.e. C-H.x..(C...t =3.722 A, 2C-H...n =158.01°; C..x =3.753A, 2C-H...n
=150.02°). Interestingly, C-Ha. interaction was observed between two thiazole ri6g
H...Centroid (G) = 2.825 A,2C-H...Cg= 132.8 °C) which propagates packinglbfto two-
dimensional network (2D)F{gure4A). A critical examination of the crystal structsirguggests

the overall twisted packindr{gure 4B).

Figure 4. View of A) hydrogen bonded helical network 4 in ball and sticks model and B)

Space fill model

3-methyl-N-(thiazol-2-yl) benzamide (1c): 1c crystallizes in the triclinic space group
P-1. The asymmetric unit dt contains two molecules of 3-methyl-N-(thiazol-2-fenzamide
The two molecules oflc are hydrogen-bonded with each other through cydlie

H.....N(thiazole)(N....N =2.927 AN-H.....N=150.02°) and N-H...N (thiazole) (N....N3:008

10



A, ZN-H....N=151.79° ) interactions. The hydrogen beshéissembly of four molecules bé
were held together with C-H...O interaction and twe...xn interaction (Centroid....Centroid=
3.893A) between thiazole molecule and benzene rifie assembly of 4 molecules were
extended to 1D network through S...S (S....S =3.46i#draction. Surprisingly, non-bonded
interaction S...S interaction is not reported in ¢hgstal engineering of organic molecules to the
best of our knowledge. Interestingly, the self-asisly of 1c displayed double helical structure

(Figureb).

Figure 5: view of A) hydrogen bonded double helical netwofklo in ball and sticks model

and B) Space fill model

4-methyl-N-(thiazol-2-yl) benzamide (1d): 1d crystallizes in the triclinic space group P-1.
The asymmetric unit old contains two molecules of 4-methyl-N-(thiazole{p-lgenzamide.
The two molecules afd are held together by cyclic N-H.....N(thiazold)..(.N =2.955 A/£N-

H....N=155.91°) and N-H...N (thiazole) (N...N=38 A ~N-H.....N=166.84°) interactions,

11



along with the intramolecular bond between oxyggmaand sulphur atom(O....S=2.668A),
resulting in a OD network. Various short contactehs as C-H.....S (C....S =3.884 AC-
H.....5=171.8% and C-H.....N (C....N =3.4284,C-H.....N=150.99) interactions propagates the
OD network into 1D hydrogen bonded twisted struetuifFigure 6A), While C-
H....n(C....C=3.841A,2C-H.....C= 133.39 interactions propagates, leading to 2D hydrogen

bonded networkFigure 6B).

Figure 6: view of hydrogen bonded network @fl, resulting twisted structure A) space fill

model and B) ball and sticks model

2-methyl-N-(5-methylthiazol-2-yl) benzamide (3b): 3b crystallizes in the triclinic space
group P-1. One molecule 8b was found in the asymmetric unit 8. The two molecules of
3b are held together by strong supramolecular synthBH...N (N...N =2.871A, zN-

H.....N=155.99) interactions, along with the intramolecular bdretween the carbonyl oxygen

12



atom and the thiazole sulphur atom (O....S=2.769d9ylting in a 0D network. 0D network of
3b is retained by multiple C-H...@nteraction between two molecules 3id. The 0D network
extends to 1D network through C-H...O (C....O =3.484,/C-H.....0=145.06°)interaction
between two molecules @b one above and one below the plane A weak van\Vdkeils
interaction between the C-H...C is also observethéncrystal structure leading to overall 2D

network having twisted hydrogen bonded netw@ilgure 7).

Figure7: view of A) hydrogen bonded network 8 in ball and sticks model and B) Space fill
model

3-methyl-N-(5-methylthiazol-2-yl) benzamide (3c): 3c crystallizes in the monoclinic space
group P 21/c. The two molecules 3if are held together by strong supramolecular syniton

H...N (N...N =2.934A zN-H.....N=177.08) interactions, along with the intramolecular bond
between the carbonyl oxygen atom and the thiaadfghar atom (O....S=2.684A), resulting in a

0D network. The 0D network extends to 2D network through C-H.(@...0 =3.544 A/C-

13



H.....0=154.53°) interaction and weak van der Waaleraction between the C-H...C (C....C

=3.672 A,£C-H.....C=178.15°), C-H...C (C....C =3.544 AC-H.....C=151.50°fFigure8) .

Figure 8. view of A) hydrogen bonded network 8¢ in ball and sticks model and B) Space fill
model

4-methyl-N-(5-methylthiazol-2-yl) benzamide (3d): 3d crystallizes in the monoclinic space
group | 2/a. The asymmetric unit 8l contains one molecules of 4-methyl-N-(5-methyltbia
2-yl) benzamide. The two molecules &d are bonded through hydrogen bonding
supramolecular synthons with each other i.e. cyliE.....N(thiazole) (N....N =3.996 A;/N-
H....N=148.97°) and N-H...N (thiazole) (N...N=21\, ~N-H....N=149.51°) interactions,
along with the intramolecular bond between the @ayboxygen atom and the thiazole sulphur
atom(O....S=2.696 A), resulting in a 0D network. @Btwork of 3d extends to 2D through
various short contacts such as (methyl)C-H.(centroid...C-=3.657 A£C-H.....C=159.55°),
C-H.....O0 (C....0 =3.312A/C-H.....0= 132.80). Even though, the self-assembly3uoff did not

propagated in twisted manner but it showed consexdbuble turn conformatiofigure 9).
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Figure9: view of hydrogen bonded twisted network3offin capped stick model

A critical analysis of weaker interactions (Taftland supporting information Table S3 and
Figure Sl1) clearly shows the presence of robust cyclic (@&nidN-H...N (thiazole)
supramolecular synthon leading to 0-D hydrogen bdndetwork in all the crystal structures
(Scheme 1, synthon A). None of the structure displayed the presencaemutie-amide linkage,
suggested the preference of cyclic N-H...N interactiover amide-amide supramolecular
synthon Echeme 1, synthon B and C). However, intramolecular O....S interaction wasnd in
all the crystal structures of thiazole amide, vathwithout a methyl functional group, leading to
restricted C-C bond rotation between thiazole nyagetd amide functional group. To understand
the effect of position of methyl group on benzeimg ias well as thiazole moiety, we carry out
measurement of angles between the planes passougththe aromatic and thiazole ring. We
observed the drastic variation in angles betweenglanes (plane passing through aromatic ring
and thiazole ring) for the two series of compouneslb-1d and3b-3d, ranging from 8.78° to
88.67°. Understandably, such change in angles reagttbibuted to close proximity of methyl

group to thiazole amide dimese€ supporting information Table $4 and Figure S2).

15



Table 1: Critical analysis of non-bonded interaatipresent in single crystal X-ray structures
1b 1c 1d 3b 3c 3d
Bond Bond Bond | Bond | Bond | Bond | Bond | Bond | Bond Bond Bond Bond
I‘?R%')th angle | length| angle | length | angle | length | angle | length | angle length angle
O (A% O (A% O (A% O (A% ©) (A% ©)
O...... S 2.719 2.675 2.668 2.769 2.683 2.69¢
Cyclic 2951 | 175.93 2927, 150.02 2955 15591 2.871 155.9¢1935 | 173.39 3.996 148.97
N-H....N | 2951 | 175.93 3.008 151.79 2.934 166.84 2.871 15521935 | 173.39 2.991 149.51
C-H...n 3.722 | 158.01
C-H...n 3.753 | 150.02
(methyl)C- 2683 | 126.71 3439 14025 3555 15742
H....O
T...7 3.391
S..S 3.461
C-H....S 3.884| 171.84
C-H....N 3.428 | 150.94
(methyl)C- 3575 | 14750| 3.685 171.4
H...w
(mltjthyl)C- 3575 | 14750| 3578 145 4
e JT

As ortho position of methyl group on phenyl ringobght the maximum change in angle

between the planes passing through aromatic aaddie ring, i.elb (59.84°) and3b (88.67°),

whereas the para position of methyl group to pheng brought the least deviation in the angles

between the planes, especially in the series ofpoomds,3b-3d. It is difficult to make a

comment on the series of compountls-{d) asl1lc and1ld both contain two molecules each in

asymmetric unit with drastically different angletlween the planes passing through the aromatic

and thiazole ring.
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Scheme 2: Schematic representation of a plausible mechaoisgelation {c and3c) and non-
gelation @c).

Interestingly, the series containing methyl groapn@ta position of phenyl rindl¢ and 3c)
turned out to be hydrogelator. Compoudd turned out to bean excellent gelator for
alcohol/water mixture, whereas compowBudwvas found to be a weak gelator of solvent mixture,
suggesting the position of methyl group on thezbli@ moiety play a crucial role in gelation
process $cheme 2). Understandably, the suitable position of metirgups (on thiazole moiety
and phenyl ring) facilitate the formation of exded hydrogen bonding network through
multiple weak non-covalent interactions such as .C®{ C-H...N, etc. The series of 4-
methylthiazole amide having phenyl ring with orthegta and para —GHjroup turned out to be
non-gelator for the solvent studieschieme?). Furthermore, the good gelation propertylofin
water/ethanol and water/methanol mixture (baseditensingle crystal structure) may be

attributed to the presence of multiple weak nonatemt interactions such as C-H...@,.x,

17



S...S along with cyclic N-H...N and S...O interactiomd)ich are invariably present in all the
crystal structures (gelator and non-gelators). @ dther hand, the single crystal structure of
weak gelatoBc also contains multiple weak interactions such as @H...r and one C-H...O
interactions. Comparative analysis of weak non-lednishteractions present in gelatois énd
3c) suggests greater number of auxiliary non-bondedacts than non-gelators moleculéb,
1d, 3b and 3d). This prompted us to propose that along with N-M.(cyclic dimeric
supramolecular synthons) and S...O (intramoleculartéractions multiple weak non-bonded
contacts play a crucial role in controlling the alesupramolecular assembly.

The single crystal structure of thiazole amidepldiged plethora of weak non-bonded
interactions such as C-Hzx,.C-H...O, C-H...N, C-H...S, S...S, etc., suggested matited
research is required before we can choose the rapsamolecular synthons for designing a

new material with interesting properties especiallthiazole based compounds.

CONCLUSIONS

A new series of LMOGs based on thiazole amide madetcorated with aromatic ring was
designed and synthesized using the concept ofatrgsgineering. Out of 12 amides synthesized
two molecules namel$c and3c turned out to be good gelling agent for ethandiwél:1) and
methanol/water (1:1) mixture. Some interesting Saotere observed in the single crystal
structure of gelator/non-gelator. All the structigow the recurrence of two supramolecular
synthons i.e. N-H...N (cyclic) and intramolecular.® interaction. The single crystal structure
of gelator {c) displayed the presence afrn interaction along with S...O and N-H...N
interactions, whereas gelat8c structure displayed presence of multiple C-H...Ceriattions

along with S...O and N-H...N interactions (absence mft interaction). The intramolecular

18



S...O interaction seems to bestow rigidity and pléydo the structures and cyclic N-H...N
interaction makes 0-D supramolecular assembly. r&imgly, the additionak...x interaction or
C-H...O interaction proved to be crucial factor iducing the gelation properties in these series
of compounds. The present studies open an avendesign a new set of LMWGs based on
present design strategy of thiazole derivativesdamlinker-benzene derivatives to any
heterocyclic compounds-hydrogen bonding linker-atien backbone.  Furthermore, these
studies show how crystal engineering approach n&y im designing and understanding the
supramolecular assembly of new LMWGs. We believewleak S...O interaction observed in
thiazole based compounds need to be strengthehefuldefore it can be used as reliable

designing tool in crystal engineering.
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