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An organogelator was produced and identified from a dynamic imine system, resolved and amplified
by selective gelation. The formation of the organogel was monitored in situ by *H NMR, showing
the existence of multiple reversible reactions operating simultaneously, and the redistribution of the
involved species during gelation. The formed organogelator proved effective with a range of organic
solvents, including DMSO, toluene, and longer, linear alcohols.

Dynamic chemistry enabling the change of constitution of molecular entities has proven to be one of the
most efficient methods for the generation and exploration of complex systems"? Such systems for exam-
ple possess adaptive features, responsive to the system environment, and may undergo self-correcting
and self-selection processes to establish optimal conditions. The adaptive nature of the dynamic systems
thus forces its constituents to constantly re-equilibrate in the presence of internal or external pressures,
resulting in the amplification of the optimal constituents at the expense of all others. A wide range of
applications using this chemistry has also been demonstrated®'%, including selection and identification
of, for example functional materials'®~'® and various host- or guest entities'>?.

Kinetically controlled processes coupled to dynamic systems lead to the concept of dynamic systemic
resolution (DSR), in principle enabling kinetic resolution of selected constituents*-*>. An attractive fea-
ture of DSR is the possibility of acquiring complete amplification of the optimal species, regardless of the
specific distributions formed in the thermodynamic equilibria, provided the kinetic steps are selective.
We have for example shown these features in enzyme-catalyzed selection and asymmetric synthesis of dif-
ferent structures®?°, and reported that selective crystallization can be used to control and drive dynamic
systems to the amplification of specific constituents®*?!. In the present study, we expand the concept of
DSR to the field of gelation, in which an organic liquid is entrapped in a solid three-dimensional net-
work by capillary forces and adhesion®. Owing to its unique physical properties, increasing attention has
been continuously paid to the development of novel organogels, and successful applications have been
achieved in fields such as pharmaceutics, cosmetics, food processing, as well as in the oil industry*>*.
Even though supramolecular hydrogel-based gelation has been used as driving force for component
selection®, the study of organogels remains unexplored. Herein, we report the first example of in situ
generation and self-selection of an efficient organogelator at the dynamic constitutional level (Fig. 1).

Results and discussion

In general, a range of intermolecular interactions and effects between the individual organogelator struc-
tures and the solvent, e.g., hydrogen bonding, m— w stacking, solvophobic effects, and van der Waals’
interactions, contribute to the formation of the 3D gel network. In the present case, the following design
criteria of the potential organogelators were devised (Fig. 2): an imine element to introduce dynamic
properties of the entities and extending the conjugated part of the system; an aromatic unit to admit
potential w-T stacking interactions; a carbamate element to enable intermolecular hydrogen bonds; and a
solvophobic moiety to result in solvent-dependent aggregation. Consequently, the dynamic C=N bonds
were synthesized from aromatic aldehydes and aromatic amine units, allowing the continuous forma-
tion of all possible products under imine exchange conditions. Cholesterol and its derivatives have been
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Figure 1. Concept of gelation-driven selection and amplification of organogelator from a
thermodynamically controlled dynamic system. A series of substrates P; is dynamically formed from
individual components A;and B;, and the dynamic system is subsequently resolved via gel formation of
product P,,,.
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Figure 3. Gelation-driven dynamic systemic resolution of parallel dynamic imine and hemiacetal
system.

commonly used for the synthesis of organogelators due to the strongly lipophilic character of the steroid
motif, which tends to self-assemble in polar solvents®” . Therefore, the cholesterol core was also chosen
as an integral part of the dynamic system, linked to the remaining structure through a carbamate moiety.

Based on these criteria, four aromatic aldehydes (1-4), representing both five- and six-membered rings,
and two amines, either with a carbamate-linked cholesterol core (A) or using a fert-butyloxycarbonyl
(Boc) group (B), were selected as components. Prototype dynamic systems were subsequently generated
in n-butanol-d,, with each component present in equimolar amount (Fig. 3). The equilibration pro-
cesses between the aldehydes and each of the amines were examined separately due to the overlap of the
product signals (Fig. 4). Imine formation and exchange occurred rapidly, and according to the '"H NMR
analyses, both equilibria were attained within one hour. In the system between the aldehydes and amine
A, the product ratio between imines 1A, 2A, 3A and 4A was 1:1.6:1.8:2.5 compared to 1:2.1:2.9:9.0 in
the equilibrium between the aldehydes and amine B. In the first system, CDCl; was added (20% v/v)
to prevent precipitation, whereas this was unnecessary in the second system. Interestingly, even though
the substitution pattern of the aromatic ring of aldehyde 1 involves two very electron-withdrawing nitro
groups, the corresponding product 1A was the least preferred compound compared with the other imine
products. However, this effect proved to be due to the favored formation of hemiacetal 1C from the
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Figure 4. '"H NMR spectra of dynamic imine system: a) equilibrium between aldehydes and amine A; b)
equilibrium between aldehydes and amine B; ¢) constituent distribution after gelation.

addition of deuterated n-butanol to aldehyde 1. In the three parallel reversible reactions, the hemiac-
etal formation dominated the competition. Small amounts of hemiacetal 3C were also detected in both
equilibria, while furfural 2 and imidazole-2-carboxaldehyde 4 showed a tendency to form mainly imine
products.

Following the evaluation of the dynamic features, a complete dynamic system with all six starting
materials was generated in n-butanol-d;; in an NMR tube. The resulting mixture was heated until the
solution became transparent and then allowed to cool down to room temperature, at which time an
organogel was obtained. According to the 'H NMR spectrum, almost all of the hemiacetal 1C and most
of the cholesterol peaks disappeared with very weak formation of the imine 1B (Fig. 4c). Meanwhile,
the other three aldehydes and Boc-containing species were obvious. This result indicated the possible
amplification of organogelator 1A from the dynamic system as its signal and the related components
signals were very weak in the "H NMR spectrum due to the solidification. To further support these
results, the organogel was filtered and the residue was washed with cold deuterated n-butanol-d,,. The
solid and the filtrate were analyzed respectively, showing that the filtrate "H NMR spectrum was identical
to that obtained after gelation, and the solid was analytically pure imine 1A (84% yield). The gelation
process was therefore efficient as the driving force for the re-equilibration of the dynamic system, leading
to the exclusive formation of product 1A. The formation furthermore occurred at the expense of the
hemiacetals and the other imines, since the selected constituent belonged to one of the most unfavored
species in the original equilibrium. Control experiments were also conducted showing that among all the
starting materials and possible products imine 4A could also gel #-butanol in half an hour. Considering
that imine 4A is not only the most dominant species in the first equilibrium but also possesses gelation
property, the better gelating efficiency of imine 1A is crucial to the successful resolution of the dynamic
system.

To further investigate the gelation property of compound 1A, 17 solvents were tested at a gelator
concentration of 3 w/v% (Table 1). Of the solvents, gelation was observed in DMSO and toluene, as well
as in aliphatic alcohols from n-butanol to n-octanol. All other solvents, including shorter #-alcohols and
branched alcohols resulted in solution or precipitation, indicating the gelation preference for the longer,
linear alcohol structures.

To investigate the impact of the imine bond on its gelation property, the C=N double bond of
compound 1A was reduced (Fig. 5). A weak reducing agent NaBH,;CN, which is specifically used for
reductive amination, was applied and resulted in smooth production of compound 5 in 74% yield. The
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Figure 5. Reduction of organogelator 1A.

DMSO dioxane acetonitrile
toluene DMF ethanol
n-butanol THF i-propanol
n-pentanol n-propanol t-butanol
n-hexanol i-butanol 1,2-dichlorobenzene
n-heptanol

n-octanol

Table 1. Gelation screening.

gelation behavior of reduced product 5 was assessed using the same solvents. No gel was formed in any
of those solvents even with increased gelator concentration, indicating the importance of the C=N
bond as a key factor for keeping good gelation properties. The rationale behind is probably due to the
increased degree of rotation with the formation of C—N single bond as well as the loss of conjugation,
both perturbing the assembly of the gelator network.

In summary, we have successfully designed and established a dynamic system consisting of multiple
organogelator candidates, which were subsequently resolved in an in situ gelation process by which the
optimal constituent was amplified and identified. The whole process could be monitored by 'H NMR
spectroscopy, which following the resolution indicated the selective formation of a cholesterol-containing
imine product produced in high yield. This method represents a potent approach to rapid generation and
identification of organogelators at the constitutional level, enabling the development of novel organo-
gelators.

Methods

General. All commercially available starting materials were of reagent grade and used as received. 'H
NMR and "*C NMR data were recorded on a Bruker Avance DMX 500 at 500 (125) MHz and/or a Bruker
Avance 400 (100) MHz, respectively. Chemical shifts are reported as & values (ppm) with CDCl; (‘H
NMR § 7.26, *C NMR § 77.16) as internal standard. J values are given in Hertz (Hz). Thin layer chro-
matography (TLC) was performed on precoated Cromatofolios AL Silica gel 60 F,5, (Merck, Darmstadt,
Germany), visualized with UV-detection. Flash column chromatography was performed on silica gel 60,
0.040-0.063 mm (SDS). High-resolution mass spectra (HRMS) were analyzed by Proteoomika tuumikla-
bor, TU Tehnoloogiainstituut, Tartu, Estonia.

Dynamic systemic resolution. 1 equiv. of each compound 1, 2, 3, 4, A, and B (0.06 mmol, 0.15M)
was added to an NMR tube, and then n-butanol-d;, (0.4 mL) was added. The mixture was heated until
a transparent solution was obtained, and cooled to room temperature. The gel was filtered, and the solid
was washed with cold n-butanol-d;, (0.2 mL). The concentrated filtrate and the solid residue were ana-
lyzed by '"H NMR.

References
1. Lehn, J.-M. Constitutional dynamic chemistry: Bridge from supramolecular chemistry to adaptive chemistry. In Constitutional
Dynamic Chemistry; Barboiu, M., Ed.; Springer Berlin Heidelberg 1-32 (2012).

SCIENTIFIC REPORTS | 5:12065 | DOI: 10.1038/srep11065 4



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,
35.

36.

37.

38.

. Hu, L., Schaufelberger, E, Timmer, B. J. J., Flos, M. A., Ramstrom, O. Constitutional dynamic chemistry. In Kirk-Othmer

Encyclopedia of Chemical Technology; John Wiley & Sons, Inc (2014).

. Santana, A. G. et al. A dynamic combinatorial approach for the analysis of weak carbohydrate/aromatic complexes: dissecting

facial selectivity in CH/m stacking interactions. J. Am. Chem. Soc. 135, 3347-3350 (2013).

. Malakoutikhah, M. et al. Uncovering the selection criteria for the emergence of multi-building-block replicators from dynamic

combinatorial libraries. J. Am. Chem. Soc. 135, 18406-18417 (2013).

. Ito, S., Ono, K., Iwasawa, N. Controlled self-assembly of multiple diastereomeric macrocyclic boronic esters composed of two

chiral units. J. Am. Chem. Soc. 134, 13962-13965 (2012).

. Fan, ], Lal Saha, M., Song, B., Schonherr, H., Schmittel, M. Preparation of a poly-nanocage dynamer: Correlating the growth of

polymer strands using constitutional dynamic chemistry and heteroleptic aggregation. J. Am. Chem. Soc. 134, 150-153 (2011).

. Buchs, B. et al. Reversible aminal formation: Controlling the evaporation of bioactive volatiles by dynamic combinatorial/

covalent chemistry. Eur. J. Org. Chem. 2011, 681-690 (2011).

. Reeh, P, de Mendoza, ]. Dynamic multivalency for carbohydrate-protein recognition through dynamic combinatorial libraries

based on fell-bipyridine complexes. Chem. Eur. J. 19, 5259-5262 (2013).

. Chung, M.-K,, Severin, K, Lee, S. J., Waters, M. L., Gagne, M. R. Constitutionally selective amplification of multicomponent

84-membered macrocyclic hosts for (-)-cytidinesH". Chem. Sci. 2, 744-747 (2011).

Belenguer, A. M., Friscic, T., Day, G. M., Sanders, J. K. M. Solid-state dynamic combinatorial chemistry: Reversible and
thermodynamic product selection in covalent mechanosynthesis. Chem. Sci. 2, 696-700 (2011).

Ronson, T. K., Zarra, S., Black, S. P, Nitschke, J. R. Metal-organic container molecules through subcomponent self-assembly.
Chem. Commun. 49, 2476-2490 (2013).

Dong, Y. et al. C. L-proline promoted fluorescent sensor for Mg* detection in a multicomponent sensory system. Chem. Commun.
47, 9450-9452 (2011).

Sadownik, J. W,, Philp, D. A simple synthetic replicator amplifies itself from a dynamic reagent pool. Angew. Chem. Int. Ed. 47,
9965-9970 (2008).

Rauschenberg, M., Bomke, S., Karst, U., Ravoo, B. J. Dynamic peptides as biomimetic carbohydrate receptors. Angew. Chem. Int.
Ed. 49, 7340-7345 (2010).

Mondal, M. et al. Structure-based design of inhibitors of the aspartic protease endothiapepsin by exploiting dynamic combinatorial
chemistry. Angew. Chem. Int. Ed. 53, 3259-3263 (2014).

Folmer-Andersen, J. E, Lehn, J.-M. Thermoresponsive dynamers: thermally induced, reversible chain elongation of amphiphilic
poly(acylhydrazones). J. Am. Chem. Soc. 133, 10966-10973 (2011).

Whitaker, D. E., Mahon, C. S., Fulton, D. A. Thermoresponsive dynamic covalent single-chain polymer nanoparticles reversibly
transform into a hydrogel. Angew. Chem. Int. Ed. 52, 956-959 (2013).

Tyagi, P. et al. Dynamic interactive membranes with pressure-driven tunable porosity and self-healing ability. Angew. Chem. Int.
Ed. 51, 7166-7170 (2012).

Bhat, V. T. et al. Nucleophilic catalysis of acylhydrazone equilibration for protein-directed dynamic covalent chemistry. Nat.
Chem. 2, 490-497 (2010).

Caraballo, R., Dong, H., Ribeiro, J. P, Jiménez-Barbero, J., Ramstréom, O. Direct STD NMR identification of 3-Galactosidase
inhibitors from a virtual dynamic hemithioacetal system. Angew. Chem. Int. Ed. 49, 589-593 (2010).

Zhang, Y., Hu, L., Ramstrom, O. Constitutional dynamic chemistry for bioactive compounds. In Supramolecular Systems in
Biomedical Fields; The Royal Society of Chemistry 397-418 (2013).

Sakulsombat, M., Zhang, Y., Ramstrom, O. Dynamic systemic resolution. In Constitutional Dynamic Chemistry; Barboiu, M., Ed.;
Springer Berlin Heidelberg 322, 55-86 (2012).

Sakulsombat, M., Vongvilai, P., Ramstrém, O. In situ evaluation of lipase performances through dynamic asymmetric cyanohydrin
resolution. Org. Biomol. Chem. 9, 1112-1117 (2012).

Vongvilai, P., Ramstrém, O. Dynamic asymmetric multicomponent resolution: Lipase-mediated amidation of a double dynamic
covalent system. J. Am. Chem. Soc. 131, 14419-14425 (2009).

Zhang, Y., Ramstrém, O. Thiazolidinones derived from dynamic systemic resolution of complex reversible-reaction networks.
Chem. Eur. ]. 20, 3288-3291 (2014).

Sakulsombat, M., Zhang, Y., Ramstrom, O. Dynamic asymmetric hemithioacetal transformation by lipase-catalyzed ~-lactonization:
In situ tandem formation of 1,3-oxathiolan-5-one derivatives. Chem. Eur. J. 18, 6129-6132 (2012).

Zhang, Y., Huy, L., Ramstrém, O. Double parallel dynamic resolution through lipase-catalyzed asymmetric transformatio. Chem.
Commun. 49, 1805-1807 (2013).

Vongvilai, P., Angelin, M., Larsson, R., Ramstrém, O. Dynamic combinatorial resolution: Direct asymmetric lipase-mediated
screening of a dynamic nitroaldol library. Angew. Chem. Int. Ed. 46, 948-950 (2007).

Zhang, Y., Vongvilai, P,, Sakulsombat, M., Fischer, A., Ramstrém, O. Asymmetric synthesis of substituted thiolanes through
domino thia-michael-henry dynamic covalent systemic resolution using lipase catalysis. Adv. Synth. Catal. 356, 987-992 (2014).
Angelin, M., Rahm, M., Fischer, A., Brinck, T., Ramstrom, O. Diastereoselective one-pot tandem synthesis of 3-substituted
isoindolinones. J. Org. Chem. 75, 5882-5887 (2010).

Angelin, M., Fischer, A., Ramstrom, O. Crystallization-Induced secondary selection from a tandem driven dynamic combinatorial
resolution process. J. Org. Chem. 73, 3593-3595 (2008).

Jones, R. G. et al. In Compendium of Polymer Terminology and Nomenclature: IUPAC Recommendations 28; The Royal Society of
Chemistry 211, (2009).

George, M., Weiss, R. G. Molecular Organogels. Soft matter comprised of low-molecular-mass organic gelators and organic
liquids. Acc. Chem. Res. 39, 489-497 (2006).

Sangeetha, N. M., Maitra, U. Supramolecular gels: Functions and uses. Chem. Soc. Rev. 34, 821-836 (2005).

Sreenivasachary. N., Lehn J.-M. Gelation-driven component selection in the generation of constitutional dynamic hydrogels
based on guanine-quartet formation. Proc. Natl. Acad. Sci. USA 102, 5938-5943 (2005).

Mihai S., Le Duc Y., Cot D., Barboiu M. Sol-gel selection of hybrid G-quadruplex architectures from dynamic supramolecular
guanosine libraries. J. Mater. Chem. 20, 9443-9448 (2010).

Bunzen, H., Kolehmainen, E. In situ formation of steroidal supramolecular gels designed for drug release. Molecules 18, 3745
3759 (2013).

Shinkai, S., Murata, K. Cholestrol-based functional tectons as versatile building blocks for liquid crystals, organic gels and
monolayers. J. Mater. Chem. 8, 485-495 (1998).

Acknowledgments
This work was in part supported by the Swedish Research Council and the Royal Institute of Technology.
L.H. and Y.Z. thank the China Scholarship Council for special scholarship awards.

SCIENTIFIC REPORTS | 5:11065 | DOI: 10.1038/srep11065 5



www.nature.com/scientificreports/

Author Contributions
LH., YZ. and O.R. conceived the design and developed the project. L.H. and Y.Z. carried out the
experiments. L.H., Y.Z. and O.R. wrote the paper.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Hu, L. et al. Gelation-driven Dynamic Systemic Resolution: in situ Generation
and Self-Selection of an Organogelator. Sci. Rep. 5, 11065; doi: 10.1038/srep11065 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M mages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:11065 | DOI: 10.1038/srep11065 6


http://creativecommons.org/licenses/by/4.0/

	Gelation-driven Dynamic Systemic Resolution: in situ Generation and Self-Selection of an Organogelator

	Results and discussion

	Methods

	General. 
	Dynamic systemic resolution. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Concept of gelation-driven selection and amplification of organogelator from a thermodynamically controlled dynamic system.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Design of dynamic organogelator.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Gelation-driven dynamic systemic resolution of parallel dynamic imine and hemiacetal system.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ 1H NMR spectra of dynamic imine system: a) equilibrium between aldehydes and amine A b) equilibrium between aldehydes and amine B c) constituent distribution after gelation.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Reduction of organogelator 1A.
	﻿Table 1﻿﻿. ﻿ Gelation screening.



 
    
       
          application/pdf
          
             
                Gelation-driven Dynamic Systemic Resolution: in situ Generation and Self-Selection of an Organogelator
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11065
            
         
          
             
                Lei Hu
                Yang Zhang
                Olof Ramström
            
         
          doi:10.1038/srep11065
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep11065
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep11065
            
         
      
       
          
          
          
             
                doi:10.1038/srep11065
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11065
            
         
          
          
      
       
       
          True
      
   




