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Resumen de la Tesis 

La presente tesis doctoral se engloba dentro del área de la Química Supramolecular 

y más concretamente en el campo de la Química Bioinspirada. El principal objetivo 

es el diseño y desarrollo de nuevos sistemas seudopeptídicos macrocíclicos, con 

cavidades en su estructura, ya que estos compuestos cíclicos son muy interesantes 

por sus propiedades químicas. Conjuntamente, siempre se intenta interrelacionar la 

Química Supramolecular y la Química Sostenible, o bien buscando metodologías 

sintéticas más respetuosas para el medio ambiente, o bien utilizando los compuestos 

diseñados para aplicaciones sostenibles, como puede ser la conversión de CO2. La 

memoria de la tesis se ha estructurado en 10 capítulos dónde los resultados y su 

discusión se han redactado siguiendo el formato de artículos científicos a partir del 

trabajo de investigación desarrollado. Los resultados obtenidos han permitido la 

publicación de dos artículos en la revista Journal of Organic Chemistry, de la editorial 

ACS, así como un artículo en la revista Green Chemistry, de la editorial Royal Society 

of Chemistry, otro en la revista Advanced Sustainable Systems, de la editorial Wiley, y, 

por último, un artículo en la revista Chem de la editorial Cell-press. Asimismo, el 

trabajo desarrollado ha permitido la elaboración de una patente española. El 

manuscrito en el que se describen de forma más detallada los resultados incluidos en 

la patente ha sido enviado a la revista Angewandte Chemie International Edition, 

perteneciente a la editorial Wiley. Del mismo modo, los resultados obtenidos en el 

diseño de nuevas especies seudopeptídicas capaces de formar hidrogeles 

supramoleculares se han enviado a la revista Materials Chemistry Frontiers de la editorial 

Royal Society of Chemistry. En la sección previa al resumen de la tesis se pueden 

encontrar las abreviaciones y símbolos empleados recurrentemente a lo largo de este 

trabajo, ordenados alfabéticamente. 

El primer capítulo contiene una introducción sobre los temas más relevantes que se 

tratan en esta tesis, con la finalidad de contextualizar al lector y mostrarle los 

antecedentes para que pueda comprender la importancia de los resultados obtenidos. 

A continuación, en el capítulo segundo, se exponen y detallan los objetivos generales 

de la tesis, de forma que el lector pueda visualizar la evolución del proyecto partiendo 
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de las metas fijadas al inicio de esta etapa. A partir de esa sección, se detalla la 

discusión de los resultados obtenidos en las diferentes etapas del proyecto, durante 

los 7 capítulos sucesivos.  

En el capítulo 3 se describe la síntesis de macrociclos seudopeptídicos de diferente 

tamaño que contienen en su estructura un grupo hexahidropirrolo[3,4-f]isoindólico. 

La longitud de la cadena hidrocarbonada del espaciador alifático demostró ser 

determinante para la selectividad de la reacción. Tal y como se demostró mediante 

las diferentes técnicas espectroscópicas y modelización molecular, cuanto mayor era 

la distancia entre los grupos amida del seudopéptido de cadena abierta, menos 

favorecida se encontraba la conformación en forma de U y, por tanto, menor era el 

rendimiento del macrociclo [1+1] deseado. Por otro lado, el anión bromuro que 

actuaba como grupo saliente en cada una de las cuatro reacciones SN2 favorecía 

claramente la macrociclación al inducir una disposición espacial óptima para el 

intermedio de reacción. Sin embargo, cuando se utilizaba cloruro como grupo 

saliente se obtuvieron productos de naturaleza polimérica, indicando que la presencia 

de este anión más básico conllevaba una pérdida de preorganización para la ciclación. 

Este trabajo permitió la publicación de un artículo en la revista Journal of Organic 

Chemistry. 

En busca de mejorar la sostenibilidad de este método sintético, y tomando ventaja 

del efecto catalítico promovido por los aniones bromuro, se diseñó un protocolo 

sintético en flujo continuo para los macrociclos descritos en el capitulo 3. Con este 

objetivo en mente, se funcionalizó una resina Merrifield comercial con una amina 

secundaria para obtener un soporte polimérico de naturaleza básica. Esta resina se 

utilizó para producir el macrociclo en flujo continuo, obteniendo productividades 

casi 20 veces más elevadas que las alcanzables por la síntesis tradicional. Además, se 

diseñó un sistema en flujo que combinaba la síntesis con el aislamiento del producto, 

recuperando el 85% del disolvente utilizado en la reacción. De este modo, el impacto 

medioambiental de la macrociclación se redujo drásticamente. Ambas mejoras 

quedan reflejadas en el capítulo 4. Esta investigación se pudo publicar en la revista 

especializada Journal of Organic Chemistry. 
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En el capítulo 5 se utilizaron los macrociclos que contienen el grupo 

hexahidropirrolo[3,4-f]isoindólico como catalizadores para la síntesis de carbonatos 

cíclicos empleando epóxidos y dióxido de carbono como reactivos. El sistema 

multicomponente organocatalítico era el resultado de combinar los seudopéptidos 

cíclicos con una sal orgánica que actuaba como fuente de especies nucleofílicas. Los 

resultados catalíticos demostraban una tendencia inesperada, ya que la actividad era 

mayor en presencia de los aniones menos nucleófilos. Gracias a los diferentes 

estudios supramoleculares se pudo elucidar la naturaleza de este comportamiento 

catalítico, observándose que en presencia del anión cloruro (especie menos nucleófila 

pero más básica) los seudopéptidos macrociclos de cadena corta eran capaces de 

preorganizar los diferentes componentes de reacción en una disposición espacial 

óptima para su transformación, imitando el modus operandi de las enzimas. En este 

capítulo también se estudió el efecto de la cavidad en la estructura seudopeptídica, 

así como el tamaño de la misma, y la basicidad de los grupos amino presentes en los 

organocatalizadores. Este estudio se publicó en la revista Green Chemistry. 

De nuevo, con el objetivo principal de mejorar la sostenibilidad del proceso catalítico 

de conversión de CO2, se diseñó una nueva generación de macrociclos 

seudopeptídicos (capítulo 6). Estos nuevos compuestos contenían en su estructura, 

además de una cavidad con elevada densidad funcional, un brazo adicional que 

permitía su inmovilización covalente en un soporte polimérico. Con esta 

aproximación también se consiguió soportar la fuente de aniones nucleofílicos en la 

misma matriz, de forma que se reducían los residuos en comparación con el sistema 

descrito en el capítulo 5. El diseño del sistema permitió elegir una matriz hidrofóbica 

que favoreciera las interacciones supramoleculares entre los componentes catalíticos, 

obteniendo valores de TON y TOF elevados incluso a presiones de dióxido de 

carbono bajas. Este modelo sinzimático heterogéneo se pudo reciclar durante 5 ciclos 

catalíticos sin pérdida aparente de actividad, ya que las interacciones no-covalentes 

son reversibles y el sistema no sufría de desactivación durante el proceso. Este trabajo 

se publicó en la revista Advanced Sustainable Systems. 
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Estos resultados catalíticos, aunque prometedores, seguían teniendo la principal 

limitación de la necesidad de temperaturas de aproximadamente 100 ºC para 

funcionar. En el capítulo 7 se describen unos complejos bimetálicos seudopeptídicos 

capaces de llevar a cabo la reacción incluso a temperatura ambiente, sin necesitar 

además ningún co-catalizador. Los compuestos homobimetálicos quirales 

demostraron ser eficientes en la resolución cinética de epóxidos, obteniendo 

carbonatos cíclicos con buena enantioselectividad. En este proyecto se estudiaron 

también las fuerzas no-covalentes que permitían alcanzar actividades catalíticas tan 

elevadas. También se evaluó el efecto de los sustituyentes del aminoácido utilizado, 

obteniéndose los mejores resultados para los seudopéptidos derivados de la 

fenilalanina. Tal y como se esperaba, variando la quiralidad de los centros 

estereogénicos de los complejos seudopeptídicos se consiguió modular la 

enantiopreferencia de la reacción de cicloadición de CO2 a los epóxidos. Esta 

investigación permitió la redacción de un manuscrito listo para ser enviado a la revista 

Angew. Chem. Int. Ed., y también la publicación de una patente española. 

En el capítulo 8 se describe el trabajo realizado durante el periodo de estancia 

investigadora internacional en el Institut de Science et d'Ingénierie Supramoléculaires 

(Strasbourg, Francia), bajo la supervisión del prof. Jean-Marie Lehn. El proyecto se 

basaba en sintetizar criptandos seudopeptídicos dinámicos mediante la reacción de 

formación de iminas. Los resultados obtenidos demostraron que en presencia de 

disolventes apolares se favorecía la encapsulación de dos moléculas de agua en el 

interior de la cavidad, llevando a resultados casi cuantitativos para las cajas 

moleculares [3+2] deseadas. Por el contrario, la utilización de disolventes polares 

llevaba al sistema a la formación de productos poliméricos que actuaban como 

trampa cinética del sistema dinámico. Los seudopéptidos bicíclicos obtenidos 

demostraban sufrir una fuerte inducción de quiralidad helicoidal, ya que solo un tipo 

de enantiómero rotacional se podía observar para cada criptando homoléptico en 

cuanto a la quiralidad del carbono α. La naturaleza reversible de este tipo de enlaces 

admitía procesos de reordenamiento entre criptandos de diferente quiralidad, 

obteniendo las cajas moleculares seudopeptídicas homoquirales como productos 
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termodinámicamente favorecidos. Estos resultados permitieron la redacción de un 

manuscrito que ha sido aceptado en la revista Chem. 

El capítulo 9 describe los avances tecnológicos alcanzados en el diseño de nuevos 

materiales biocompatibles basados en compuestos seudopeptídicos de cadena 

abierta. Los tetra-seudopéptidos homolépticos derivados de L-Phe eran capaces de 

formar una red tridimensional en disoluciones acuosas, incluso utilizando 

concentraciones de hidrogelante bajas. Estos superhidrogelantes, además, podían 

experimentar transiciones gel-sol dependiendo del pH de la disolución acuosa, siendo 

clasificados como materiales inteligentes. Este tipo de variación estructural también 

se promovía al absorber CO2, ya que las especies carbamato formadas al reaccionar 

con los grupos amino terminales limitaban el ensamblaje correcto de los 

seudopéptidos.  

Finalmente, en el capítulo 10 y último, se exponen las conclusiones más relevantes 

derivadas del trabajo descrito en cada uno de los capítulos que conforman esta tesis. 
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Summary of the Thesis 

The present Doctoral Thesis is included within the area of Supramolecular Chemistry 

and, more specifically, in the field of Bioinspired Chemistry. The main objective is 

the design and development of new pseudopeptidic systems bearing cavities in their 

structure, since these cyclic compounds are extremely interesting due to their 

physicochemical properties. Besides, there is always a clear correlation between 

Supramolecular Chemistry and Sustainable Chemistry during this project, either 

looking for more environmentally friendly synthetic methodologies, or using the 

compounds designed for sustainable applications, such as CO2 conversion. The 

thesis is structured in 10 chapters where the results and discussions are presented 

following the scientific articles format. The results obtained allowed for the 

publication of two articles in the “Journal of Organic Chemistry”, from the ACS 

publisher, as well as an article in the “Green Chemistry” journal, from the Royal 

Society of Chemistry publisher. Another manuscript was published in the “Advanced 

Sustainable Systems” journal, from the Wiley publishing house, and, finally, an 

additional article has been recently accepted in “Chem” from the Cell-press 

publishing house. Likewise, the work carried out has allowed for the elaboration of 

a Spanish patent. The manuscript in which the results embodied in the patent are 

described in higher detail has been submitted to the journal “Angewandte Chemie 

International Edition”, belonging to the Wiley publishing house. In a similar manner, 

the results obtained in the design of new pseudopeptide species capable of forming 

supramolecular hydrogels have been submitted to the journal “Materials Chemistry 

Frontiers” of the Royal Society of Chemistry publisher. In the section prior to the 

abstract of the thesis you can find the abbreviations and symbols used recurrently 

throughout this work, alphabetically arranged. 

The first chapter contains an introduction describing the most relevant topics 

discussed in this thesis, with the aim of contextualizing the reader and highlighting 

the relevance of the results obtained. Next, in the second chapter, the general 

objectives of the thesis are exposed, so that the reader can visualize the evolution of 

the research based on the goals set at the beginning of this project. From this section 



Universitat Jaume I 

17 

on, the discussion of the results obtained in the different research works of the 

project is detailed over 7 consecutive chapters.  

Chapter 3 discusses the syntheses of pseudopeptidic macrocycles of different sizes 

that contain an hexahydropyrrolo[3,4-f]isoindolic group within their structure. The 

length of the hydrocarbon chain of the aliphatic spacer was crucial for reaching high 

yields in the macrocyclization reaction. As demonstrated through different 

spectroscopic techniques and molecular modelling, the greater the distance between 

the amide groups of the open-chain pseudopeptide, the less favoured the U-turn 

preorganization and, therefore, the lower the yield of the desired [1+1] macrocycle. 

On the other hand, the bromide anion that acted as leaving group in each of the four 

SN2 reactions was clearly encouraging macrocyclization, as it induced an optimal 

spatial conformation for the reaction intermediate. However, when chloride was used 

as the leaving group, products of polymeric nature were obtained, indicating that the 

presence of this more basic anion entailed a loss of preorganization for cyclization. 

This work allowed for the publication of a research article in the “Journal of Organic 

Chemistry”. 

Seeking to improve the sustainability of these macrocyclizations, and bearing in mind 

the catalytic effect promoted by bromide anion, a continuous-flow synthetic protocol 

was designed for the macrocycles presented in chapter 3. The first objective was to 

develop a basic polymeric support by functionalizing a commercially available 

Merrifield resin with a secondary amine. This polymer was used to produce the 

macrocycle under continuous-flow conditions, obtaining productivities almost 20 

times higher than those attainable by traditional batch synthesis. In addition, a 

promising flow system was designed that combined the synthesis of the macrocycle 

with its isolation, recovering 85% of the solvent used in the reaction. In this way, the 

environmental impact of the macrocyclization was remarkably reduced, as evidenced 

by a new environmental metric proposed (MEI score). All these interesting results 

are explained in higher detail in chapter 4. This research was published in the 

specialized journal “Journal of Organic Chemistry”. 
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In Chapter 5, macrocycles containing the hexahydropyrrolo[3,4-f]isoindolic group 

were used as catalysts for the synthesis of cyclic carbonates using epoxides and 

carbon dioxide as reagents. The multicomponent organocatalytic system was relied 

on the combination of the cyclic pseudopeptides with an organic salt that acted as a 

nucleophilic source. The catalytic results revealed an unexpected trend, as the activity 

was higher in the presence of the less nucleophilic anions. Thanks to the different 

supramolecular studies, it was possible to elucidate the nature of this catalytic 

behaviour. In the presence of the chloride anion (the least nucleophilic but most 

basic species), macrocyclic pseudopeptides were capable of preorganizing the 

different reaction components in an optimal spatial arrangement for their 

transformation, imitating the modus operandi of enzymes. In this chapter we also 

studied the effect of the cavity of the pseudopeptidic structure, as well as its size, and 

the basicity of the amino groups present in the peptidomimetic compounds. This 

study was published in the journal “Green Chemistry”. 

Again, with the main objective of improving the sustainability of the catalytic CO2 

conversion, a new generation of pseudopeptidic macrocycles was designed (Chapter 

6). These new compounds contained in their structure, together with the cavity with 

high functional density, an additional pendant arm that allowed their covalent 

immobilization on polymeric supports. With this approach, it was also possible to 

also immobilize the source of nucleophilic anions in the same matrix, reducing the 

waste generated compared to the system described in chapter 5. The design of the 

system was based on an hydrophobic matrix that favoured supramolecular 

interactions between catalytic components, obtaining high TON and TOF values 

even at low carbon dioxide pressures. This heterogeneous synzymatic model could 

be recycled for 5 catalytic cycles without apparent loss of activity, since the non-

covalent interactions are reversible. This work was published in the journal 

“Advanced Sustainable Systems”. 

These catalytic results, although promising, still required temperatures of ca. 100 ºC 

to promote high CO2 conversions. Chapter 7 describes pseudopeptidic bimetallic 

complexes capable of carrying out the reaction even at room temperature, without 
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the need of any co-catalyst. These chiral homobimetallic compounds proved to be 

also efficient in the kinetic resolution of epoxides, obtaining cyclic carbonates with 

good enantioselectivity. In this project, the non-covalent forces that allowed for 

reaching such remarkable catalytic activities were also studied. The effect of the 

amino acid sidechains used was also evaluated, obtaining the best results for 

pseudopeptides derived from phenylalanine. As expected, varying the chirality of the 

stereogenic centres of the pseudopeptidic complexes modulated the 

enantiopreference obtained in the cycloaddition of CO2 to epoxides. This research 

has been submitted to “Angewandte Chemie International Edition”, and it also 

permitted the publication of a Spanish patent. 

Chapter 8 summarizes the work carried out during the period of international 

research stay at the Institut de Science et d'Ingénierie Supramoléculaires (Strasbourg, France), 

under the supervision of prof. Jean-Marie Lehn. The project was consisted of 

synthesizing dynamic pseudopeptidic cryptands through reversible reactions of imine 

formation. The results obtained showed that the presence of apolar solvents 

favoured the encapsulation of two water molecules inside the cavity, leading to 

almost quantitative yields for the desired [3+2] molecular cages. On the contrary, the 

use of polar solvents led to the formation of polymeric products that acted as a kinetic 

trap for the dynamic system. The bicyclic pseudopeptides undergone a strong helical 

chirality induction, since only one type of rotational enantiomer was observed for 

each homoleptic cryptand, as ruled by the α-carbon chirality. The reversible nature 

of this type of bonds allowed for rearrangement processes between cryptands of 

different chirality, obtaining homochiral pseudopeptidic macrobicycles as 

thermodynamically favoured products. These results are described in manuscript that 

has been accepted in the journal “Chem”. 

Chapter 9 illustrates the technological advances achieved in the design of new 

biocompatible materials based on open-chain pseudopeptidic compounds. 

Homoleptic tetra-pseudopeptides derived from L-Phe permitted the formation of a 

three-dimensional network in aqueous solutions, even at low gelator concentrations. 

These superhydrogels also endured gel-sol transitions depending on the pH of the 
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aqueous solution, being classified as intelligent materials. This type of structural 

variation was also promoted by CO2 absorption, as the carbamate derivatives formed 

upon its reaction with the terminal amino groups of the pseudopeptide hampered 

the correct self-assembly. 

Finally, in chapter 10, the most relevant conclusions derived from the work described 

in each of the chapters that are encompassed in this thesis are presented. 
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Scientific Divulgation 

The results obtained throughout the development of the current PhD Thesis have 

led to five publications in high impact scientific journals and the publication of a 

Spanish patent: 

➢ Authors: Ferran Esteve, Belén Altava, Michael Bolte, M. Isabel Burguete, 

Eduardo García-Verdugo, Santiago V. Luis  

Title: Highly selective anion template effect in the synthesis of constrained 

pseudopeptidic macrocyclic cyclophanes 

Reference: J. Org. Chem., 2020, 85, 1138-1145. doi: 10.1021/acs.joc.9b03048 

➢ Authors: Ferran Esteve, Belén Altava, M. Isabel Burguete, Michael Bolte, 

Eduardo García-Verdugo, Santiago V. Luis  

Title: Pseudopeptidic Macrocycles as Cooperative Minimalistic Synzyme 

Systems for the Remarkable Activation and Conversion of CO2 in the 

Presence of Chloride Anion 

Reference: Green Chem. 2020, 22, 4697-4705. doi: 10.1039/D0GC01449D 

➢ Authors: Ferran Esteve, Adrian Escrig, Raul Porcar, Santiago V. Luis, Belén 

Altava, Eduardo García-Verdugo 

Title: Immobilized Supramolecular Systems as Efficient Synzymes for CO2 

Activation and Conversion 

Reference: Adv. Sustain. Syst. 2022, 2100408. doi: 10.1002/adsu.202100408 

➢ Authors: Ferran Esteve, Raul Porcar, Santiago V. Luis, Belén Altava, 

Eduardo García-Verdugo  

Title: Continuous flow processes as an enabling tool for the synthesis of 

constrained pseudopeptidic macrocycles 

Reference: J. Org. Chem., 2022, 87, 3519-3528. doi: 10.1021/acs.joc.1c03081 

➢ Authors: Ferran Esteve, Santiago V. Luis, Belén Altava, Eduardo García-

Verdugo  

Title: One-component bimetallic pseudopeptidic complexes for CO2 

conversion  

Reference: P202230050. 

➢ Authors: Ferran Esteve, Belén Altava, Eduardo García-Verdugo, Santiago 

V. Luis, Jean-Marie Lehn 

Title: Doubly Chiral Pseudopeptidic Macrobicyclic Molecular cages: Water-

assisted Dynamic Covalent Self-Assembly and Chiral Self-sorting 

Reference: Chem, 2022, Accepted. doi: 10.1016/j.chempr.2022.04.007 
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Additional research articles are being prepared to be published in relevant scientific 

journals: 

➢ Authors: Ferran Esteve, Raul Porcar, Michael Bolte, Belén Altava, Eduardo 

García-Verdugo, Santiago V. Luis 

Title: Highly Active and Enantioselective Multifunctional One-Component 

Supramolecular Catalysts for the Cycloaddition of CO2 to Epoxides 

Reference: Angew. Chem. Int. Ed., 2022, Submitted. 

➢ Authors: Ferran Esteve, Alexis Villanueva-Antolí, Belén Altava, Eduardo 

García-Verdugo, Santiago V. Luis 

Title: Unravelling the supramolecular driving forces in the formation of 

CO2-responsive pseudopeptidic low molecular weight hydrogelators 

Reference: Mater. Chem. Front., 2022, Submitted. 

➢ Authors: Ferran Esteve, Belén Altava, Santiago V. Luis, Eduardo García-

Verdugo 

Title: Are macrocyclizations sustainable? A novel metric and synthetic 

approaches towards green processes. 

Reference: Green Chem., 2022, Submitted. 

➢ Authors: Ferran Esteve, Belén Altava, Santiago V. Luis, Eduardo García-

Verdugo 

Title: Basically, nucleophilicity matters little: unravelling the supramolecular 

driving forces in enzyme-like CO2 conversion 

Reference: Appl. Energy, 2022, Manuscript under preparation. 
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Some of the results have also been presented in numerous scientific congresses and 

conferences, from both national and international relevance: 

➢ Authors: F. Esteve, R. Porcar, A. Escrig, B. Altava, E. García-Verdugo, S. 

V. Luis 

Title: Preorganized pseudopeptidic systems for CO2 activation and 

conversion 

Participation: oral presentation 

Congress: XXVII Seminario Internacional en Ciencias Naturales para el 

Desarrollo 

City: Costa Rica                             Year: 2022 

➢ Authors: F. Esteve, R. Porcar, B. Altava, E. García-Verdugo, S. V. Luis 

Title: Flow Chemistry as Enabling Tool for more Productive and 

Environmentally Friendly Macrocyclizations 

Participation: poster 

Congress: 5th EuCheMS Conference on Green and Sustainable Chemistry 

City: Thessaloniki, Greece                             Year: 2021 

➢ Authors: F. Esteve, R. Porcar, B. Altava, E. García-Verdugo, S. V. Luis 

Title: Greener macrocyclizations: highly productive flow synthesis of cyclic 

pseudopeptides 

Participation: oral presentation 

Congress: 25th Annual Green Chemistry & Engineering Conference 

City: United States of America                             Year: 2021 

➢ Authors: F. Esteve, R. Porcar, B. Altava, M. I. Burguete, E. García-Verdugo, 

S. V. Luis 

Title: Pseudopeptidic Macrocycles as Effective Cooperative Synzymatic 

Ssystems for Conversion of CO2 

Participation: poster 

Congress: 1st SupraMat Network Conference 

City: Tarragona, Spain                             Year: 2021 

➢ Authors: F. Esteve, R. Porcar, B. Altava, M. I. Burguete, E. García-Verdugo, 

S. V. Luis 

Title: Macrocyclic Pseudopeptides as Cooperative Synzimatic Systems for 

Efficient Conversion of CO2 

Participation: oral presentation 

Congress: 23 Conferencia de Química 

City: Santiago de Cuba, Cuba                            Year: 2020 
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➢ Authors: F. Esteve, R. Porcar, B. Altava, M. I. Burguete, E. García-Verdugo, 

S. V. Luis 

Title: Pseudopeptidic Macrocyclic Compounds as Active Organocatalysts 

for CO2 conversion 

Participation: poster 

Congress: 4th EuCheMS Conference on Green and Sustainable Chemistry 

City: Tarragona, Spain    Year: 2019 

➢ Authors: F. Esteve, B. Altava, M. I. Burguete, S. V. Luis 

Title: Supramolecularly Assisted Synthesis of Pseudopeptidic Macrocyclic 

Compounds: The Influence of Halide Anions 

Participation: poster 

Congress: XIII International Workshop on sensors and molecular 

recognition 

City: Valencia, Spain    Year: 2019 

➢ Authors: A. Valls, B. Altava, F. Esteve, M. I. Burguete, S. V. Luis 

Title: Supramolecularly Assisted Synthesis of Pseudopeptidic Receptors 

Participation: poster 

Congress: XXXVII Reunión Bienal de la RSEQ 

City: San Sebastian, Spain   Year: 2019 

➢ Authors: F. Esteve, B. Altava, M. I. Burguete, S. V. Luis 

Title: Supramolecularly Assisted Synthesis of Pseudopeptidic Macrocyclic 

Compounds  

Participation: poster 

Congress: International Symposium on Macrocyclic and Supramolecular 

Chemistry 

City: Lecce, Italy    Year: 2019 

➢ Authors: B. Altava, M. I. Burguete, F. Esteve, S. V. Luis 

Title: Supramolecularly Assisted Synthesis of Pseudopeptidic Macrocyclic 

Compounds  

Participation: poster 

Congress: International Simposium on Setting their Table: Women and the 

Periodic Table of Elements 

City: Murcia, Spain    Year: 2019 
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➢ Authors: F. Esteve, B. Altava, M. I. Burguete, S. V. Luis 

Title: Modulated Synthesis of Chiral Macrocyclic Compounds Derived 

from Pseudopeptides 

Participation: poster 

Congress: XV Simposio Jóvenes Investigadores Químicos, RSEQ-Sigma 

Aldrich (Merck) 

City: Toledo, Spain    Year: 2018 

➢ Authors: F. Esteve, A. Valls, B. Altava, M. I Burguete, L. González, S. V. 

Luis, I. Peña 

Title: Studies in Aqueous Media of Self-assembled Bis-imidazolium Salts 

Based on Pseudopeptidic Compounds 

Participation: poster 

Congress: XII International Workshop on sensors and molecular 

recognition 

City: Valencia, Spain    Year: 2018 

➢ Authors: F. Esteve, A. Valls, B. Altava, M. I Burguete, S. V. Luis 

Title: Reception of Biological Anions through Tripodal Ionic Liquids 

Derived from Natural Amino Acids 

Participation: poster 

Congress: XIV Simposio de Investigadores Jóvenes Químicos, RSEQ-

Sigma Aldrich (Merck) 

City: Badajoz, Spain    Year: 2017 
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Structure of the Compounds Considered in this Work 

 

Chapter 3: Highly Selective Anion Template Effect in the Synthesis of Constrained 

Pseudopeptidic Macrocyclic Cyclophanes. 
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Chapter 4: Continuous Flow Processes as an Enabling Tool for the Synthesis of 

Constrained Pseudopeptidic Macrocycles. 
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Chapter 5: Pseudopeptidic Macrocycles as Cooperative Minimalistic Synzyme 

Systems for the Remarkable Activation and Conversion of CO2 in the Presence of 

Chloride Anion. 
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Chapter 6: Immobilized Supramolecular Systems as Efficient Synzymes for CO2 

activation and Conversion. 
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Chapter 7: Highly Active and Enantioselective Multifunctional One-Component 

Supramolecular Catalysts for the Cycloaddition of CO2 to Epoxides. 
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Chapter 8: Doubly Chiral Pseudopeptidic Macrobicyclic Molecular cages: Water-

assisted Dynamic Covalent Self-Assembly and Chiral Self-sorting. 
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Chapter 9: Unravelling the Supramolecular Driving Forces in the Formation of CO2-

Responsive Pseudopeptidic Low Molecular Weight Hydrogelators. 
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1.1. Supramolecular chemistry 

Supramolecular chemistry is a relatively recent domain of chemistry, frequently 

defined as the “non-covalent chemistry” or the “chemistry beyond molecules”.1 

These non-covalent interactions are comparatively weaker than covalent bonds, 

although they have been proved to be essential in a wide range of fundamental 

biological functions.2 Supramolecular interactions include, among others, 

electrostatic interactions, hydrogen bonding, van der Waals forces, π-interactions, 

hydrophobic interactions or halogen bonding.3 

However, before delving further into this topic, it is important to set the 

discovery of these interactions in their historical background. At the end of the 

nineteenth century, the forces between molecules were being studied by authors such 

as J. D. van der Waals (Nobel Prize in Physics in 1910) and H. E. Fischer (Nobel 

Prize in Chemistry in 1902). In 1894, Fischer postulated the fundamental roots of 

supramolecular chemistry when he suggested that substrate-enzyme interactions 

could be defined in terms of the "lock and key" principle, paving the way for 

understanding host-guest chemistry and molecular recognition (Figure 1.1). 

 

Figure 1.1. Visual representation of the “Lock and key” concept introduced by H. E. 
Fischer in 1894. 

LOCK (enzyme) KEY (substrate)

LOCK-KEY complex

SUBSTRATEENZYME

ENZYME-SUBSTRATE complex
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After some years of experimentation, chemists began to better comprehend 

these kinds of interactions beyond specific individual molecules. In the first decades 

of the twentieth century, concepts such as hydrogen bonding were demonstrated,4 

and after the discovery of crown ethers by C. J. Pedersen,5 there was an increase of 

the interest towards understanding weak forces and their chemical nature, properties, 

and potential applications. These oxygenated compounds were outstanding because, 

within their two-dimensional arrangement, an electron rich cavity was formed. 

Hence, they were able to locate cationic guests, in particular alkaline cations, in the 

interior of their pocket, an achievement that had not been obtained before. 

Furthermore, depending on the specific structure of the ethers they could reach 

selectivity for the recognition of specific ions with different sizes (Figure 1.2). 

 

Figure 1.2. Cationic guests in the crown ethers cavities (hosts), the different sizes of the 
intramolecular cavities provide selectivity to cations with different ionic radii. 

The term “supramolecular chemistry” was first introduced by J. M. Lehn. His 

studies in this area led him to win the Nobel Prize in Chemistry in 1987 together with 

D. J. Cram and C. J. Pedersen, for their work in the design of molecules with 

structure-specific interactions. The three of them also advanced in the knowledge of 

the differences and interrelations between molecular and supramolecular chemistry 

(Figure 1.3).6 Whereas molecular chemistry precisely designs synthetic protocols to 

obtain complex molecules by means of creating or breaking covalent bonds, 

supramolecular chemistry permits the synthesis of even more complex 

“supermolecules”, relying on non-covalent interactions between the components.7  
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Figure 1.3. Comparison between the scope of molecular and supramolecular chemistry. 

Since then, three main themes have driven the development of supramolecular 

chemistry.1a At first, the main objective was to merely synthesize molecular receptors 

for selective molecular recognition, relying on design and preorganization.8 Those 

supramolecular procedures were used for implementing information storage and 

processing. Subsequently, on the grounds of experience gained in non-covalent 

interactions, self-assembly processes were used for programming systems. Self-

organization is based on the spontaneous but controlled assembly of complex 

supramolecular architectures.9 The third theme was established in the dynamic 

character of supramolecular chemistry, as a result of the reversibility of the non-

covalent interactions which build up the supramolecular complexes. This approach 

led to chemical diversity and evolution, obtaining a wide range of substances from 

relatively small libraries of components by exchanging, incorporating or extruding 

components, and thus these findings gave place to the so-called Dynamic Combinatorial 

Chemistry (DCC).10  

This field has recently received an upsurge of interest as the correct use of 

chemical knowledge has resulted in the design of sophisticated systems to be used 

for different applications such as molecular recognition,11 developing chemical 

sensors,12 and the synthesis of self-assembled gels and materials.13 Together with the 

development of a huge number of theoretical concepts, a revolution has also 

occurred in characterisation techniques,14 that allow researchers to follow the 

Molecular Precursors

Molecular Chemistry Supramolecular Chemistry
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processes involved and to study, for example, the conformations adopted and the 

nature of the intermolecular forces. Supramolecular chemists must know concepts 

not only from inorganic and organic chemistry to synthesize the molecular 

precursors, but also from physical chemistry and computational modelling to 

understand the properties and behaviours of the supramolecular complexes.15 

Consequently, this field has a noticeable interdisciplinary character, impinging on a 

broad range of other areas such as pharmacology, physics, biology, material science 

and energy storage (Figure 1.4). 

 

 

Figure 1.4. a) Number of publications (1k = 1000) discussing supramolecular processes 
over the last 50 years (Search “Supramolecular’’ as a keyword in Scopus database). b) 

Supramolecular publications classified by area (Adapted from the search “Supramolecular’’ 
as a keyword in Scopus database). 

Nowadays, it is feasible to synthesize molecules with well-designed binding sites, 

achieving a superior level of refinement and control. In less than 40 years, this 

chemistry discipline has evolved from designing simple cation receptors to complex 

molecular machines.16 In fact, such influence had the development of the 

aforementioned molecular motors that The Royal Swedish Academy of Sciences 

decided to award the Nobel Prize in Chemistry 2016 to J. P. Sauvage, J. F. Stoddart 

and B. L. Feringa for “the design and synthesis of molecular machines”.17 

 

1.1.1. Non-covalent interactions 

The main difference between a non-covalent and a covalent bond is that the 

former does not involve sharing electrons. Therefore, non-covalent interactions tend 
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to be weaker than the covalent ones, although this type of bonds play a crucial role 

in Nature.18 For instance, achieving the optimal spatial disposition for proteins19 and 

for DNA20 is only possible by means of non-covalent interactions. Very often, strong 

binding can be achieved through the involvement of multiple non-covalent bonds. 

Besides, it is important to bear in mind that the environment -particularly the solvent- 

is a key factor influencing supramolecular forces, as depending on the nature of the 

surrounding media the strength of interaction can drastically change. 21  

Non-covalent bonds range from strong coordinative bonds with energies up to 

hundreds of kJ/mol to weak van der Waals forces of only a few kJ/mol. The 

strongest interactions (100-350 kJ/mol) correspond to ion-ion forces, which are 

fundamentally affected by the charges, extent of delocalization, and distances 

between the components. Therefore, although no directionality is present in this type 

of electrostatic interaction, the geometric factor is essential when successfully 

assembling two oppositely charged ions. Another type of supramolecular interaction 

is named as ion-dipole, in which a polar molecule interacts with an ionic compound. 

A similar scenario is found in the dipole-dipole pair, albeit in this case two polar 

molecules interact through their dipoles. Ion-dipole and dipole-dipole interactions 

are partially directional and weaker than ion-ion forces, with respective energies of 

50-200 and 5-50 kJ/mol.22 

On the other hand, there are some supramolecular forces which much depend 

on the orientation of the components, such as hydrogen and halogen bonding, with 

energies of 4-120 and 200 kJ/mol, respectively. This directionality is the fundamental 

tool that allows chemists to precisely design complementary hosts for a specific guest. 

As abovementioned, hydrogen bonding is crucial in most biological functions, and 

thus it has been commonly named as “the key interaction in supramolecular chemistry”.23 A 

clear parallelism can be observed between hydrogen and halogen bonds as, in both 

cases, an electron rich centre (hydrogen/halogen bond acceptor) must be spatially 

close to a hydrogen attached to an electronegative atom or to a halogen 

(hydrogen/halogen bond donor).24 Interestingly, it must be noted that the strength 
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of these interactions can be extremely decreased by incorporating a competitive 

effector.  

Within the directional supramolecular forces, one may also include the 

interactions involving π-systems, which can non-covalently bind cations, anions, and 

other π-moieties. The cation-π interaction is based on the attraction between an 

electron poor cation and the π-cloud located above and below an aromatic ring,25 

amounting an energy of ca. 5-80 kJ/mol. Anion-π26 and π-π interactions are weaker 

(2-40 and 2-50 kJ/mol, respectively) as they rely on the polarizability of the electron 

cloud of a π-system to create a positive dipolar moment that further interacts with an 

electron rich anion/aromatic scaffold.27 The weakest noncovalent interactions are 

those of van de Waals type, with energies lower than 5 kJ/mol. These forces arise 

from the interaction of an electron cloud polarized by adjacent nuclei, so they quickly 

vanish with longer distances between interacting molecules.  

Table 1.1. Summary of the types and properties of the main supramolecular forces.22 

Interaction Directionality Bond energy (kJ/mol) 

Ion - Ion Non-directional 100 - 350 

Ion - Dipole Partially directional 50 - 200 

Dipole - Dipole Partially directional 5 - 50 

Hydrogen Bonding Directional 4 - 120 

Cation - π Directional 5 - 80 

Anion - π Directional 2 - 40 

π - π Directional 2 - 50 

Metal Coordination Directional 100 - 300 

Van der Waals Non-directional ≤ 5 

Halogen bonding Directional ≈ 200 
 

Finally, although the line between supramolecular and molecular chemistry is 

blurry in this case, metal coordination can be also classified as a noncovalent 

interaction. In fact, these types of metallic complexes present bond energies similar 

to the ion-dipole systems, even higher in some cases (ca. 100-300 kJ/mol). The high 
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energy related to these interactions is the consequence of dative bonds between the 

ligands and the metal ion, presenting a great covalent contribution. Therefore, metal 

coordination could be described as a subtype of ion-dipole force but with higher 

covalent character. The bond energies for each non-covalent interaction are detailed 

in Table 1.1. 

 

1.1.2. Pseudopeptides and supramolecular chemistry 

One of the main building blocks used by Nature to create complex systems are 

amino acids, as they present large functional densities and an intrinsic variability 

provided by the sidechains. Although a limited number of amino acids exist in 

Nature, their combination in long peptidic chains allow for the formation of an 

infinite number of structures. These large molecules with multiple properties and 

roles are the result of millions of years of natural evolution, through which the only 

arrangements that have persisted are the ones providing an essential function.28 

Not surprisingly, the functionality of proteins and enzymes does not only rely 

on the composition of the peptidic chain, but also in the spatial distribution of the 

components. In fact, the vast majority of amino acids are involved in the correct 

preorganization of the macromolecule, whereas only a few units form the active 

pocket.29 These astonishing systems are the result of specific non-covalent 

interactions, selective recognition, and self-assembly of the different components. 

The protein folding hypothesis was first introduced by K. A. Dill and it assumed that 

the native state of a protein corresponds to a single well-defined tertiary structure, 

which is the minimum energy state.30 Therefore, many non-native states 

corresponding to partially/incorrectly folded proteins would be trapped in different 

local minima, obtaining the so-called folding funnel (Figure 1.5). Several research 

lines have focused on the prediction of these folding profiles, with the aid of 

computational methods.31 
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Figure 1.5. Example of a funnel-shaped energy landscape with many high-energy unfolded 
structures.32 

Considering that artificially designing those macromolecules would be time 

demanding and expensive, the development of small molecular models has allowed 

to shed light on the properties of proteins determined by structural parameters and 

factors.33 Although different types of peptidomimetics can be found in the 

literature,34 the ideal scenario would be to use the knowledge gathered from natural 

sources to combine biotic and abiotic moieties in low molecular weight compounds 

to achieve the desired function.28,35  

Metal-containing biomolecules are extremely important and frequent in Nature. 

For instance, iron complexes are used in the transport of oxygen (haemoglobin), 

magnesium complexes are crucial in the photosynthesis (chlorophyll), and cobalt 

complexes (vitamin B12) are necessary for the synthesis of red blood cells.36 

Systematic studies were carried out in order to elucidate the nature of the metal 

complexation by proteins and peptides. The experiments were initiated by the 

observation of several metal ions being able to induce deprotonation and metal ion 

coordination of the peptidic amide groups, resulting in high stability metal 

complexes.37 Besides, the oxygen atoms of the amide groups were also found to be 

exceptional binding sites for metal ions in neutral ligands.38 

Therefore, metal coordination chemistry was one of the first areas in which 

peptidomimetics offered remarkable advances. At the end of the 20th Century, C. J. 

Burrows,39 J. D. Kilburn,40 and W. C. Still developed metal complexes of novel 

pseudopeptidic systems with C2 symmetry that revealed the potential of these 
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supermolecules as biomimetic metalloenzymes.41 Some years later, R. Polt and co-

workers designed bis(iminoamide) complexes active in the diethylzinc addition to 

benzaldehyde.42 In this regard, our group has developed promising C2 symmetric 

bis(aminoamide) ligands derived from both natural and non-natural amino acids, 

with the general structure illustrated in Chart 1.1.43 

 

Chart 1.1. General structure of symmetric C2 bis(aminoamide) ligands. 

In these structures, amino and amide group functionalities can participate in 

metal complexation with different coordination capabilities,28 in a similar manner to 

the tetradentate ligands commonly found in coenzymes and catalytic models.44 

Moreover, the different binding sites are connected through a chiral backbone, which 

can be easily tuned by changing the amino acid sidechain or the spacer (section 

highlighted in blue, Chart 1.1), providing a high structural and conformational 

flexibility.45 Apart from being active in several enantioselective catalytic reactions,46 

some metal complexes have been also proved as chemical sensors.47 

In conjunction with the development of metallic peptidomimetics, 

supramolecular catalysis has also been attained through well-designed metal-free 

pseudopeptides. Although a reduced number of pseudopeptidic organocatalysts can 

be found in literature, some results are quite remarkable.48 Asymmetric aldol 

reactions catalysed by L-proline derived pseudopeptides have gained interest over the 

past two decades.49 In this regard, J. Mlynarski research group designed highly 

selective C2-symmetric pseudopeptides active in aldolic reactions in the presence of 
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an excess of water.50 Rather extraordinary were also the results obtained by A. J. 

Pearson and co-workers, whose pseudopeptidic bifunctional organocatalyst 

containing both L-proline and acidic sites within its structure (see Chart 1.2) afforded 

high yields and excellent enantioselectivities of the desired products after 5 days of 

reaction. 51 

 

Chart 1.2. Bifunctional organocatalyst for the aldol reaction developed by A. J. Pearson.51 

However, while designing novel catalysts is one of the major challenges as a 

consequence of their industrial impact,52 the study of self-organized complex 

structures is fundamental to better understand biological behaviours.53 In fact, self-

assembly processes exist widely in Nature, that uses them to generate functional 

systems such as the DNA double helix54 or the folding of linear peptides to form 

well-defined nanostructures.55 Therefore, studying the self-assembling processes 

undergone by pseudopeptides could serve not only as a proof of concept for 

mimicking Nature, but also as a sustainable manner to obtain added-value materials. 

The main characteristic of these materials is their reversibility, as they are built up of 

non-covalent interactions that can be ceased with external stimuli.56 

In this regard, the proper design of low molecular weight peptides and 

pseudopeptides has allowed their self-assembly under physiological conditions to 

form hydrogels with important applications in tissue engineering57 and L-lysine based 

amphiphilic organogelators.28,58 Taking into account the presence of many functional 

groups and the design flexibility of the ligands developed in our group (Chart 1.1), 

potential self-assembly applications of these bis(aminoamides) have also been 

studied. For example, S. Verma and co-workers predicted the formation of fibres by 

means of π-π interactions between phenylalanine (Phe) aromatic sidechains of C2 and 
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C3 pseudopeptides.59 Similar structures have been studied by C. Tomasini and her 

group, providing relevant advances in the design of biocompatible hydrogels and 

self-healing materials using bolamphiphilic pseudopeptides.60  

The Sustainable and Supramolecular Chemistry group at the Universitat Jaume 

I has also reported interesting self-assembly results regarding linear pseudopeptides, 

leading to promising biocompatible organogels and/or hydrogels.61 In addition, the 

effect of the pH in the self-organization of gemini amphiphilic pseudopeptides,62 as 

well as their interaction with macromolecules of biological relevance (lipidic 

membranes) was explored.63 In a similar manner, the impact of the amino acid 

sidechain in the self-assembly patterns of C2-symmetric pseudopeptides was also 

studied. Combining solid state and solution studies it was possible to elucidate the 

nature of the different patterns obtained, both for Val and Phe derivatives.64 On this 

behalf, a new family of tetra-pseudopeptides has been developed in Chapter 9. These 

compounds presented remarkable hydrogelation properties even at low 

concentrations. In addition, the materials presented a sol-gel transition depending on 

the pH of the medium, making them the ideal candidates for CO2-responsive gels.  

It must also be noted that some of the abovementioned open-chain 

pseudopeptides have been proved to be useful as chemical sensors for target 

molecules of different nature. For example, a detailed study of anion recognition and 

transport by C2 and C3 symmetric pseudopeptides was reported in 2015 (Figure 1.6).65 

In this study, the capability of different urea and thiourea derivatives to interact and 

transport anions was assayed and compared with the results obtained for the 

analogous bis(aminoamides). 
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Figure 1.6. Top and side views of the optimized structures of the supramolecular 
complexes of C3-symmetric pseudopeptides with chloride (a, b) and nitrate (c, d).65 

Another important example was the research reported in 2016, in which a 

fluorescent on-off pH sensor was meticulously designed. A pyrene-based 

pseudopeptide helped for intracellular pH sensing with the aid of a confocal 

fluorescent microscope as, upon protonation, a folded conformation was adopted 

resulting in an intense excimer emission centred at 490 nm (345 nm excitation 

wavelength).66 
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1.2. Macrocyclic compounds 

Macrocycles are generally defined as molecules containing a cyclic framework 

of at least twelve atoms. While some natural existing macrocycles can present cavities 

consisting of more than 50 atoms, the most common natural ring sizes comprise 14-

, 16- and 18-membered cyclic frameworks.67 These cyclic molecular entities display a 

combination of molecular recognition and complexation properties with vital 

implications in Nature and for host-guest/supramolecular chemistry.68 The main 

driving force for the tight binding with the substrate is the decrease in the degrees of 

conformational freedom, providing the macrocycle with a higher preorganization and 

functional density than the open-chain analogues.69  

Since the accidental discovery of the crown ethers by C. J. Pedersen more than 

half a century ago,5 the chemistry of synthetic macrocycles designed for specific and 

highly selective host-guest complexation has experienced a rapid development. The 

essential breakthrough provided by crown ethers in the 1960s led to other scientists 

developing novel synthetic receptors containing at least one cavity within their 

structure. For example, the research pioneered by D. J. Cram on macrocyclic 

cyclophanes, spherands, and carcerands that were able to interact not only with alkali 

and alkaline earth metal cations, but also with small organic molecules.70 Roughly 

contemporarily, E. H. Simmons and C. H. Park designed macrobicyclic molecular 

cages containing tertiary amino groups, which upon protonation could locate halide 

anions within their cavities (Figure 1.8b).71  

 

Figure 1.8. Examples of macrocyclic hosts for metal ions. a) C. J. Pedersen’s crown ethers, 
b) E. H. Simmon’s and C. H. Park’s macrobicyclic diamines, and c) J. M. Lehn’s 3D-

cryptands. 

a) b) c)
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Later on, J. M. Lehn demonstrated that complete encapsulation of metal cations 

could be achieved by novel three-dimensional (3D) receptors he called cryptands,72 

inspired by both C. J. Pedersen’s crown ethers and E. H. Simmons’ and C. H. Park’s 

macrobicyclic diamines (Figure 1.8c). 

Following this work, other researchers, as for instance F. Vögtle, became active 

in synthesizing shape- and size ion-selective receptors, and throughout the 1980s 

research in the area gathered a rapid pace with concepts such as mechanically 

interlocked molecular architectures emerging.73 

However, more than half a century before those investigations, the three native 

states (α, β and γ) of natural occurring cyclodextrins had already been characterised 

by F. Schardinger in 1904.74 Cyclic dextrins were found to be the result of starch 

degradation. This crystalline fermented product presented astonishing properties 

such as water and acid resistance.75 After a period of doubt and many years of 

exploration, cyclodextrins are nowadays one of the better understood macrocycles in 

host-guest systems (Figure 1.9) and have found many applications in molecular 

encapsulation of substrates of different nature.76 

 

Figure 1.9. Schematic illustration of the association of free cyclodextrin (“host”) and 
substrate (“guest”) to form the substrate-cyclodextrin complex.75 

During the subsequent decades, an enormous number of synthetic macrocyclic 

compounds have been described. Among others, special attention should be paid to 

torands, calixerenes, cucurbiturils, pillararenes, and new cyclophanes. The synthesis 

of such complex systems has given rise to a considerable increase in the research 

activity regarding macrocyclic chemistry, especially in relation to molecular 

recognition and self-assembling processes. Nowadays, a wide range of macrocycles 
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can be found in literature, ranging from two-dimensional to 3D, from flexible to rigid 

structures, from inert to stimuli-responsive systems, and from monofunctional to 

multifunctional scaffolds.68 

The development of precise stimuli-responsive macrocyclic compounds has 

served as a powerful tool to mimic Nature. It is well known that life is intimately 

connected with motion at all length scales - from the taxis of a bacterium to the 

regular oscillation of a beating heart, all the way to the mechanics of the human body. 

This is the result of molecules consuming fuel and channelling the energy into certain 

modes of molecular movement. Therefore, the proper design of macrocycles has 

offered a more realistic insight into the dynamics of different biological processes, 

nearly reaching the sophistication and versatility allowed by Nature’s rules of 

molecular motion.77 Although the motion of covalently bonded molecular systems 

has been greatly studied by researchers such as R. T. Kelly and B. E. Dial, the field 

in which macrocycles have provided significant advances is in controlling motion in 

supramolecular systems. Nonetheless, the control of such non-covalent assemblies 

is demanding, as the stability of the desired assembly must be maintained by 

restriction of bulk exchange.78 

A nice example of controlled molecular motion was published in 2010 by B. L. 

Feringa and D.-H. Qu.79 In their work, they developed a self-complexing 

pseudorotaxane that imitated the rotary motor system of ATPases. The rotary 

motion was based on light-driven conformational changes, and the lockable property 

was achieved by acid-base equilibrium that controlled the highly selective 

intramolecular self-complexation (Figure 1.10). 
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Figure 1.10. Chemical structure of the lockable light-driven molecular motor and the acid-
base-controlled locking-unlocking movements.79 

Considering the elegant conformational changes and the complex chemical 

structures of the macrocyclic compounds, as important as a precise design is the 

correct characterisation of the different states adopted. X-ray crystallography can 

provide a detailed picture of static conformation in the solid phase; however, crystal 

packing can significantly affect conformation, and caution is required when 

attempting to rationalize a conformation adopted in solution using crystallographic 

data. Nuclear Magnetic Resonance (NMR) spectroscopy has been routinely used for 

conformational analysis of macrocycles in solution, in conjunction with other 

spectroscopic techniques such as infrared (IR), circular dichroism (CD) or ultraviolet 

(UV). Moreover, researchers tend to support their experimental data with 

computational modelling and calculations, as it facilitates the vision of the 

conformations adopted.69a 

 

1.2.1. Macrocyclization synthetic approaches 

Despite macrocyclic compounds have been found to be useful in a wide range 

of applications, one of the main bottlenecks for their use is their often-tedious 

synthetic and purification protocols.80 As a matter of fact, affording high yields for 

the desired cyclic structures is not always trivial, as the intramolecular cyclization 

steps must compete with intermolecular dimerization / oligomerization processes.81 

Notwithstanding, macrocyclic structures of different sizes can be found in Nature, 
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demonstrating that their synthesis is favourable under certain conditions. For 

example, the antibiotics vancomycin,82 tyrocidine A,83 and cyclosporine A,84 as well 

as the oxytocin hormone and its related neuropeptide vasopressin,85 contain 

macrocyclic scaffolds within their structure. 

In 1953, P. J. Flory detected ring formation in some polymerization reactions, 

although the cyclic products were solely obtained when the ring contained six or 

more atoms and under diluted conditions.86 This observation was in good agreement 

with the preceding work of P. Ruggly and K. Ziegler, which revealed that high-

dilution techniques favoured the formation of cycles in the cyclization reaction of 

small organic molecules.87 Considering the two general ring-closure scenarios, high 

dilution techniques shall improve the efficiency of the macrocyclization step in both 

unimolecular (Figure 1.11a) and bimolecular synthetic approaches (Figure 1.11b). As 

a matter of fact, high-dilution techniques shall lead to higher macrocyclization 

efficiencies for the unimolecular approach because of the increased effective 

concentration. It should be mentioned that the monomeric ring formation is 

unimolecular in the reactant, whereas the formation of higher condensates and chain 

polymers proceeds bimolecularly.88 

 

Figure 1.11. Schematic representation of the most common ring closure techniques for the 
preparation of macrocycles: a) unimolecular approach, and b) bimolecular approach.88 

On the other hand, more sophisticated methodologies are needed to afford high 

yields of the desired macrocycles in bimolecular approaches. In those cases, using 

a)

b)
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exact stoichiometric quantities of reagents is crucial, so the formation of the 

macrocyclic species is not precluded. Moreover, in line with the unimolecular 

approach, a decrease in the reaction concentration favours the bimolecular reaction 

over the competing multimolecular dimerization/oligomerization. 

1.2.1.1. Preorganization 

Generally, competing oligomerization processes are favoured by entropic 

factors, as many different conformations allow for oligomerization while only a few 

ones favour macrocyclization. Macrocyclizations could be achieved, with moderate 

yields, combining high-dilution techniques with stepwise protection/deprotection 

protocols.89 However, these concepts are against the sustainability principles 

introduced by P. T. Anastas and J. C. Warner.90 Therefore, the development of more 

elegant and greener methodologies has received much attention in macrocyclic 

chemistry. In point of fact, macrocyclization reactions were found to be much more 

efficient if the reagents involved in the cyclization step presented complementary 

conformations. In this regard, the concept of preorganized conformations was first 

introduced by D. J. Cram, who postulated the principle of preorganization and 

defined it as follows: “the more highly hosts and guests are organized for binding and low 

solvation prior to their complexation, the more stable will be their complexes”.91 Although this 

methodology was firstly applied in molecular recognition and host-guest chemistry,92 

it has also provided remarkable improvements in macrocyclization reactions, as the 

correct design of the reagents can lead to higher cyclization efficiencies. Hence, a 

general approach towards successful macrocyclizations is to use open-chain 

precursors preorganized in a folded conformation that allows the two reacting sites 

of the open chain precursor to be spatially close.93 This arrangement, with the 

appropriate orientation, provides an unambiguous trajectory of attack, making the 

cyclization a faster process compared with the intermolecular process.94 Taking the 

example illustrated in Figure 1.11, a correct design of the reagents could improve the 

preorganization of the reacting groups, favouring the cyclic products (Figure 1.12).  
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Figure 1.12. Schematic representation of the preorganized reagents for: a) unimolecular 
macrocyclization, and b) bimolecular cyclization. 

Several preorganization strategies rely on designing rigidized reagents, in which 

an optimal “locked” conformation is achieved. This methodology often results in 

shape persistent macrocycles (SPMs). In the case of bimolecular macrocycliations, 

after the first intermolecular reaction takes place (when discussing bimolecular 

macrocyclizations), the subsequent intramolecular cyclization step can be triggered 

by the intrinsic rigid conformation of the open-chain intermediate.95 In order to 

achieve such rigidized structures, many examples involve rigidized aromatic moieties, 

acetylenic units, and allenic subunits.96 

On the other hand, some examples can be found in which the optimal 

conformations are attained by means of supramolecular interactions. H-bonding has 

been widely used as a driving force for intramolecular folding, affording well-

established conformations.96,97 For instance, K. Hiratani and co-workers prepared a 

new family of macrocycles through the amidation of di(acid chloride) derivatives with 

different diamino compounds, highlighting the crucial role of intramolecular 

hydrogen bonds in preorganizing the reaction intermediate.98 Other intramolecular 

interactions such as π-π or metal coordination also rendered adequate folding of the 

open-chain precursors.99, 100   

S. V. Luis group has designed, for the last 20 years, several preorganized 

bis(aminoamides) displaying appropriate arrangements for macrocyclization. In 

2003, they reported the synthesis of [1+1] pseudopeptidic macrocycles driven by 

a)

b)
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both intramolecular hydrogen bonding and solvophobic effects in the key reaction 

intermediate. Quite interestingly, the expected cyclic products were obtained in 

moderate-good yields after thorough purification, but the reactions were carried out 

at relatively high concentrations (8.2 mM).43 Later on, the synthesis of larger [2+2] 

macrocycles was studied by reacting different bis(aminoamides) with 

terephthaldehyde. Although complex mixtures were obtained when using achiral 

aliphatic spacers for the pseudopeptidic open-chain precursor, the pseudopeptides 

containing chiral cyclohexane-1,2-amine as spacer led to good yields in the 

macrocyclization. Conformational studies of the predicted intermediate 

demonstrated the proximity of the reactive groups involved in the intramolecular 

cyclization, as a result of H-bonding and imine conjugation. Besides, using the 

pseudopeptidic diastereomer resulted in a drastic decrease in the efficiency of the 

macrocyclization, indicating a clear match/mismatch outcome.101 The last example 

was published in 2014, in which a detailed study of the effect of the amino acid 

sidechain in the macrocyclization reaction was performed. The nature of the chiral 

groups of the amino acids was proved to be of paramount importance in the 

preorganization of the reagents and the cyclization intermediates. Indeed, an increase 

in the number of substituents on the α carbon atom (quaternary amino acids) 

significantly decreased the macrocyclization reaction rate.102 

1.2.1.2. Template effect 

An interesting alternative for the cases in which the precursors are not precisely 

preorganized is the use of templating elements that promote a favourable 

conformation. In this regard, the most frequent mechanism for templated-

macrocyclizations is the precursor(s) wrapping around the templating agent, 

approaching the two final reactive ends leading to the macrocycle. Hence, the 

introduction of the template helps to change the unfavoured disposition and to 

induce an appropriate conformation for the macrocyclization step (Figure 1.13). 
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Figure 1.13. Schematic representation of the template effect in: a) unimolecular 
macrocyclization, and b) bimolecular cyclization. 

The template effect can be classified into two well-defined types, namely kinetic 

and thermodynamic templates, depending on the reversibility of the macrocyclization 

reaction.96,103 

➢ Kinetic templates: Operate on irreversible reactions by stabilizing the 

main transition states / intermediates leading to the desired product. 

➢ Thermodynamic or equilibrium templates: Operate on reversible 

conditions. Templates preferentially shift the equilibrium distribution 

towards the formation of the desired product. 

The employment of template processes has been of great significance since the 

mid-1960s. They have allowed the synthesis of compounds that are difficult or even 

impossible to obtain from their components by traditional methods.104 Numerous 

examples of template-driven macrocyclizations can be found in literature, ranging 

from metallic to anionic based templates.105 

Metal templated macrocyclization arose at the end of the 20th Century, when the 

need of synthesizing different crown ethers with high purity and yields was extremely 

on demand.106 Still, several recent studies highlight the crucial role of different 

alkaline and alkaline earth metals in the highly efficient syntheses of novel crown 

ethers derivatives.107 In conjunction with the development of crown ethers, 

a)

b)

Template

Template
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researchers such as D. H. Busch and E. K. Barefield designed nickel-based templated 

syntheses of tetraaza-cyclic compounds.108 Those preliminary studies have been 

deeply understood and expanded to the metal templated synthesis of macrocycles 

based on transition metal as, for instance, zinc, cobalt, copper or cadmium.109 

The use of anions as templates for macrocyclizations is also a subject of interest 

as they have been proved as highly efficient in these processes.96 Not surprisingly, 

taking account of the excellent affinities achieved by macrocyclic hosts towards 

certain anions, exploiting the potential template effects of such anions has also 

received much attention. P. D. Beer and co-workers developed sophisticated anion 

templated syntheses of interpenetrated and interlocked structures, claiming the 

fundamental role of the open-chain intermediate affinity towards the desired anion 

and the nature of the anion itself.110 In 2017, the synthesis of chiral C2-symmetric 

macrocyclic ureas was afforded in excellent yields as a result of the favourable 

conformation adopted upon anion recognition by the urea and amino groups of the 

reaction intermediate.111 In addition, the synthesis of a thermodynamically 

unfavoured inverted-hemicucurbituril has also been recently reported by R. Aav’s 

group. In this study, the selectivity of the reaction is clearly affected by the formation 

of two different diastereomeric intermediates, with different affinities towards 

chloride anion. Therefore, by incrementing the amount of halide anion introduced, 

the product distribution could be modified, indicating an effective anionic 

templation.112 

In this regard, our research group has developed several anionic templates of 

both thermodynamic and kinetic nature. The syntheses of [2+2] pseudopeptidic 

macrocycles by reductive amination of rigid aromatic dialdehydes with C2-symmetric 

bis(aminoamides) was favoured when using an anionic dicarboxylate template.113 As 

a matter of fact, thermodynamically unfavoured macrocycles could be synthesized 

using the correct dicarboxylate species, counterbalancing the “mismatch” effect of 

the configurations of the stereogenic centres at the spacer and at the amino acid 

derived fragments.114 More sophisticated [3+2] molecular cages could be efficiently 
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obtained using tricarboxylate anionic compounds as the template (Figure 1.14). The 

formation of [3+2] macrobicyclic compounds through imine condensation is usually 

challenging, as larger oligomers, interlocked structures or dynamic mixtures can be 

obtained. However, the addition of benzene-1,3,5-tricarboxylate as its 

tetrabutylammonium salt led to a faster reaction, achieving yields higher than 80% of 

the desired cage in 3 hours of reaction.115 

 

Figure 1.14. Schematic representation of the template-assisted synthesis of [3+2] 
pseudopeptidic molecular cages. Blue: bis(aminoamides), green: trialdehyde, red: 

tricarboxylate template, orange and yellow: imino and amino groups formed, respectively.115 

Similar dynamic pseudopeptidic cages have been synthesized via imine 

condensation between tripodal open-chain pseudopeptides and dialdehyde species. 

The autocatalytic thermodynamic template-effect of the water generated has been 

precisely studied, obtaining the best yields in hydrophobic solvents. This water 

encapsulation was also responsible for the high fidelity chiral self-sorting experienced 

by the macrobicycles (see Chapter 8).116 

Considering that some macrocyclization reactions involve SN2 irreversible 

conditions, the use of kinetic anionic templates has also been investigated by S. V. 

Luis’ group. In 2012, pyridine-containing pseudopeptidic macrocycles were 

efficiently synthesized, observing a remarkable synergetic effect between the 

preorganization of the open-chain pyridinic precursor and anionic templation. 

Depending on the size of the final macrocycle, either bromide or chloride anions 

were found to selectively provide the fastest reaction profiles, whereas other anions 

such as fluoride or acetate were less active as templating species.117 Later on, the 

effects of different aliphatic spacers as well as the change of the amino acid sidechains 

[H]

-

-

-
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were studied, taking account of the template effects involving the bromide anions 

present in the reaction as side-products of the nucleophilic substitutions.102  

The performance of anionic kinetic templates was also assayed in amide bond 

formation reactions. Macrocyclic isophthalamide-containing pseudopeptidic 

compounds were obtained through cyclization processes involving two consecutive 

amide bond formation reactions. This design provided the macrocycles with four 

potentially convergent amide groups that could favour the interaction with anions 

under neutral conditions. The poor yields of the desired macrocycles obtained in the 

absence of templates were significantly increased upon addition of one equivalent of 

different halide anions, with the templating effect following the order Cl– > Br– > I–

. The noteworthy effect of chloride compared with bromide and iodide anions was 

the result of a stronger coordination of chloride due to its smaller radius and the 

greater Coulomb attraction.118 The efficiency of the chloride anion as a kinetic 

template in peptidic amide formation reactions was also demonstrated by G. 

Speranza’s group some years later.119 

Recently, the highly selective anion-templated syntheses of constrained 

macrocyclic pseudopeptides have been accomplished through four consecutive SN2 

reactions. In contrast to the previous reported template-mediated macrocyclizations, 

the introduction of chloride anion led to the formation of products of oligomeric 

nature, because of the drastic conformational change in the reaction intermediate 

provided by this halide anion (see Chapter 3).120 

1.2.1.3. Flow chemistry as an enabling tool 

Inspired by the many advantages that flow chemistry has offered to chemical 

syntheses,121 some research groups have assayed macrocyclization reactions in small-

scale flow reactors (Figure 1.15).122 This synthetic approach appears currently as a 

necessity, as the environmental impact of every chemical transformation should be 

considered and approaches for their decrease should be developed. In this regard, 

flow chemistry meets many of the green chemistry principles, as it generally reduces 

energy requirements, the amount of chemical waste generated, and the exposure to 
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hazardous chemicals or intermediates.123 In addition, continuous processes permit 

better control of mass-transfer, temperature, and stoichiometry. This latter aspect is 

of paramount importance when discussing bi- or multi-molecular macrocyclizations, 

as the reagent stoichiometries can modify the selectivity outcome.124  

 

Figure 1.15. Schematic representation of a continuous-flow bimolecular macrocyclization. 

In spite of these benefits, flow macrocyclization is still a seldom exploited field, 

as this type of reactions present some additional chemical requirements.125 For 

instance, if oligomers are formed during the reaction, they can precipitate inside the 

flow reactor. The precipitate would block the system, hampering the attainment of 

high productivities. Therefore, flow macrocyclization procedures are mainly suitable 

for reactions in which the selectivity towards the desired macrocycle is high. The 

most daunting challenge is, however, the low productivities attainable under high-

dilution conditions. Some research groups have devoted many efforts to perform 

high- concentration macrocyclizations under batch conditions, obtaining promising 

results in this regard.126 S. K. Collins and co-workers described in 2016 a Glaser-Hay 

flow macrocyclization for the production of an Ivorenolide A precursor. The 

cyclization step was performed at relatively high concentrations (24 mM), and the 

yield of the product was ca. 2 times higher when using continuous flow conditions 

than for the batch protocol.127 

One of the most important aspects for flow systems is the design of the 

experimental set-up.128 A rich engineering background is important to optimally 

organize the components of the system, to select appropriate materials for each piece, 

and to decide which auxiliary equipment is needed for the reaction. For example, one 

may wonder if the reaction needs different temperatures in some sections of the set-

REACTOR
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up, which would be the most appropriate mixer, whether the isolation step can be 

coupled to the reactor, etc. In terms of the reactor design, different approaches can 

be found in literature (Figure 1.16).  

 

Figure 1.16. Description of the most common reactor designs for flow macrocyclizations. 

The additive encompasses catalytic, basic, acid, and other auxiliar species. 

Some flow macrocyclizations have been performed with remarkable 

productivities using type I reactors for the continuous production of macrocycles. 

This simplistic approach has been generally employed in photoinduced 

macrocyclizations. Limited light penetration is always problematic when performing 

photochemical reactions under batch conditions, and this problem can be even 

significantly worse for macrocyclizations because of the low concentrations. 

Therefore, the high surface-to-volume ratio and homogeneous irradiation could 
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enhance the efficiency in continuous-flow macrocyclizations.122 K. Zhang et al. 

reported in 2016 a highly productive and effortless scalable flow process for the 

production of cyclic polymers. The scale of the reaction was ca. 250 times greater 

under flow conditions than for the batch methodology, while the residence time was 

reduced 15 times without modifying the yield attained (90%). Thus, the flow 

macrocyclization promoted superior productivities even at larger scales. 

Type II and type III reactors have been widely applied to alkyne-azide 

cycloaddition macrocyclizations. S. K. Collins and co-workers described in 2015 a 

continuous process for the synthesis of macrocyclic triazoles based on click-

chemistry. In the project, the authors used CuI as homogeneous catalyst, in the 

presence of different ligands such as triethylamine or ethylenediamine. The 

macrocyclization step was performed at relatively high concentrations (30 mM), 

obtaining a 4-fold increase in productivity compared to the batch processes.129 Not 

many years before the latter project, a different scenario was proposed by A. R. 

Bogdan and K. James. These authors were able to synthesize macrocyclic triazoles 

with the aid of copper tubing, that acted as the catalyst for the alkyne-azide 

cycloaddition. By using this novel copper-surface design, the productivity of the 

reaction augmented from 3.9 to 18.3 gprod/L·h, under the continuous-flow process.130 

Lastly, I. R. Baxendale et al. reported in 2020 a packed column reactor containing 

K2CO3 that allowed for scaling-up the synthesis of cyclic substituted 2-oxazolines. 

This sort of design can be classified as type IV reactors, as the inorganic base 

smoothly permitted the intramolecular cyclization with yields > 70% even at gram 

scale. Thereby, the authors were able to produce 5 g of cyclic species in approximately 

8 hours.131 

Having a closer look to the herein described flow macrocyclization examples, it 

can be noted that most of the reported methodologies were employed for 

unimolecular macrocyclizations. Nevertheless, some inspiring works can also be 

found targeting multimolecular flow macrocyclizations. As an example, C. J. Doonan 

and co-workers synthesized in 2015 a carbon-based molecular cage via three-fold 

homocoupling macrocyclization. The reaction can be classified as a type III flow 
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macrocyclization, as the catalytic species were pumped through the reactor in the 

same phase as the reagents. With the continuous-flow approach the authors 

demonstrated that the amount of copper species could be significantly reduced, thus 

decreasing the chemical waste generated in the process. Moreover, the authors 

envisaged that the amount of auxiliary substances could be further reduced to sub-

stoichiometric quantities when using immobilized copper species.132 T. Fodi and co-

workers described also in 2016 an efficient flow macrocyclization for obtaining 

pyridino-18-crown-6-ethers. The alkylation embodied a KOH packed-bed reactor 

(type IV reactor), which represented a much safer methodology than the ones 

previously described employing NaH as the base. The higher productivities obtained, 

as compared to the batch syntheses, were assigned to the lower residence times 

required to render the crown ethers with the desired yield.133 

Chapter 4 of the present thesis shows our efforts to develop efficient flow-

macrocyclizations for the production of constrained pseudopeptidic macrocycles. 

The flow protocol prompted a 17-fold increase in productivity when compared to 

the analogous batch system. In addition, the environmental impact was reduced more 

than 2 orders of magnitude by in-situ combining the flow-synthesis with macrocycle 

isolation. 

 

1.2.2. Pseudopeptidic macrocycles 

Protein-protein interactions (PPIs) execute many fundamental cellular functions 

and have served as prime drug targets over the last two decades.134 Yet, the growing 

appreciation of complex PPIs, which are not easily addressed using small molecules, 

demands the development of inhibitors that are more sophisticated than traditional 

small molecules. Consequently, one of the main fields of application of 

peptidomimetic macrocycles is the design of active therapeutic agents.135 This is the 

result of several unique features of the peptide-based cyclic compounds, as are, for 

example, their large polar surface areas that facilitate cellular permeability and 

bioavailability.67 Moreover, another pharmacological advantage relies on the higher 
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level of preorganization of bioactive conformations compared with open-chain 

compounds, thereby avoiding entropic losses upon binding that would decrease 

affinity.69a In this regard, the work carried out by researchers such as L. Gentilucci 

and C. Palomo must be pinpointed.136 

Pseudopeptidic macrocycles have also opened a new window of opportunities 

in building up dynamic combinatorial libraries (DCLs). In fact, DCLs have served as 

simplified minimalistic models of complex evolutionary biological processes, 

proposing the generation of dynamic mixtures of components that can rapidly 

exchange and interconvert. DCLs can thus be adaptive and able to express changes 

in the whole system as a response to different external stimuli, as, for instance, a 

change in the conditions or the addition of chemical effectors.137 Therefore, the best 

adapted member of the library amplifies at the expense of the other congeners. One 

of the main requisites for rapid interconversions is the presence of reversible bonds 

within the structure of the components, and principally imino (C=N) and disulphide 

(S-S) bonds have been studied. The availability of natural amino acids containing in 

their sidechains such groups (i. e. cysteine) has rendered pseudopeptidic compounds 

with promising properties in this field.138 

Another area in which cyclic peptidomimetics have contributed with remarkable 

improvements is in the design of molecular hosts. During the first decade of this 

century, different peptide-based macrocycles proved to be active in the molecular 

recognition of different substrates as nitromethane,139 carboxylic acids,140 

quinuclidines,141 or even water molecules.142 Recognition of phosphate and sulphate 

are two crucial cases to study for understanding how nature designs proteins to bind 

these anions selectively. An example is the naturally occurring Phosphate Binding 

Protein of 34 kD a single tight phosphate-binding site is present, in which the 

phosphate ion is held tightly by means of hydrogen bonding and electrostatic 

interactions.143 Trying to mimic this astonishing natural process, G. Haberhauer and 

co-workers developed in 2009 different azole-containing cyclic peptides 

tremendously useful in binding dihydrogen phosphate anions in a 1:1 

stoichiometry.144 In a similar manner, S. Kubik and co-workers designed in 2010 a 
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pseudopeptidic molecular container for the highly selective recognition of sulphate 

anions, even in competitive environments. The triply linked bis-cyclopeptide was able 

to locate anions within its cavity by means of hydrogen bonding with the amide 

groups.145 Even more elegant anion recognition examples have been accomplished 

in the last ten years, as is, for instance, pyrophosphate recognition by unguisin A.146 

On this subject, S. V. Luis’ group has devoted significant research efforts to 

design macrocyclic pseudopeptidic receptors for various anions. In 2012, with the 

collaboration of R. Vilar’s group, a fluorescent acridine-based macrocyclic receptor 

was carefully designed in order to provide high selectivity towards dihydrogen 

phosphate. The high preorganization of the macrocyclic compounds rendered tighter 

associations with the guests, as compared with analogous open-chain 

pseudopeptides. Moreover, the anion complexation could be straightforwardly 

assayed by fluorescent studies, as intense fluorescence emissions could be observed 

upon conversion of the acridine moiety of the receptor into the strongly emitting 

acridinium fluorophore.147 Similar acridine-based macrocycles were posteriorly found 

to selectively bind tryptophan in very acidic aqueous media. Interestingly, the 

supramolecular complex was formed despite the two components were positively 

charged, indicating the crucial role of solvent molecules and counterions involved in 

the supramolecular interactions.148 Also in 2012, a new family of C3-symmetric 

pseudopeptidic cages were able not only to interact with chloride anion, but also to 

transport it throughout lipidic membranes. In this project, the affinity towards the 

halide anion could be tuned by modifying the structural components of the molecular 

cage, as is, for instance, the sidechain of the amino acid scaffold or the substitution 

in the aromatic lid of the cage (Figure 1.17).149 The recognition of more sophisticated 

substrates as N-protected dipeptides,150 natural amino acids151 or other amino acid 

derived compounds152 have likewise been accomplished with different C2 and C3-

symmetric cyclic peptidomimetics. 
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Figure 1.17. Small C3-symmetric tripodal cages as receptors of halide anions. Solution 
binding constants and upper and side views of the corresponding pseudopeptidic cage 

complexes for fluoride (light blue), chloride (green) and bromide (dark red) as observed in 
solid state.138c 

Additionally, interesting results have also been reported in the study of self-

assembly processes of several macrocyclic pseudopeptides. Small [1+1] 

peptidomimetic cyclophanes showed to be strong organogelators for esters and 

aromatic solvents such as benzene, toluene, styrene, and anisole.153 Quite 

surprisingly, the intrinsic molecular chirality of the cycles was often transferred to the 

assembled fibres, as each enantiomer of the macrocyclic pseudopeptides provided 

fibres with opposite helicity.154 Regarding bigger [2+2] macrocyclic pseudopeptides, 

the exact combination of the spacer and the sidechain of the amino acid was 

demonstrated as essential. For example, some valine cyclic derivatives tend to form 

fibrillar materials when they contained short aliphatic spacers and a meta-substituted 

aromatic subunit, in contrast with the phenylalanine derivatives that rather self-

assembled in vesicles. These macrocycles resulted in amorphous materials when the 

pH of the medium reached acidic conditions. In contrast, when para-substituted 

aromatic scaffolds were present, the opposite tendency was observed. Neutral 

conditions led to the formation of amorphous solids, whereas upon acidification of 

the medium, crystalline and fibrillar structures were obtained for Val and Phe 

derivatives, respectively. 28,155  
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1.3. Supramolecular catalysis 

A catalyst is, by concept, a compound that accelerates the rate of a certain 

reaction, without being consumed. This is the result of the alternative energetic 

pathway provided by the catalytic species, which involve lower activation energies 

than the non-catalysed mechanism.156 Although the concept of “catalyst” was 

introduced by J. J. Berzelius in 1835, catalytic processes date back to the dawn of 

civilization, when the production of alcohol by fermentation arose.157 After two 

centuries of evolution, unimaginable levels of sophistication have been accomplished 

in catalysis. The many advantages that catalysis has provided to industrial processes 

are guided by both higher efficiencies and the noteworthy environmental benefits. In 

fact, the major cause of industrial waste, particularly in fine chemicals and 

pharmaceuticals manufacture, was the use of stoichiometric non-reusable reagents in 

organic synthesis. Catalytic processes have clearly replaced those archaic 

stoichiometric methodologies, as a result of the lower energy-consumption 

requirements and the higher selectivities achieved. Therefore, the implementation of 

catalysis has enormously contributed to the decrease of the industrial waste 

streams.158 

Taking into account the many catalytic examples reported up to date, it is 

intuitive to set a parallelism between catalysis and supramolecular chemistry. As a 

matter of fact, catalysts bring together the various substrates (recognition + 

preorganization) by means of non-covalent interactions.159 Even though the 

definition of supramolecular catalysis is not trivial, this field has become a recognized 

subdiscipline nestling between catalysis and supramolecular chemistry. The activity 

of supramolecular catalysts shall be characterised by their capability to accelerate the 

reaction through reversible interactions such as hydrogen and halogen bonding, van 

de Waals forces and π-π interactions. Additionally, as aforementioned (Section 1.1.1), 

coordination complexes can also be considered as supramolecular catalysts as the 

reactions are activated by Lewis acid-base pairs between the substrates, ligands, and 

the metallic core.160 
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The supramolecular catalytic activity often relies on non-easily predictable weak 

interactions (cation-π, CH-π, NH-π) and steric repulsions that play a crucial role in 

the catalytic cycle, often precluding the precise design of the catalytic species. 

Moreover, considering the many species and potential interactions of the so-called 

“catalytic pool” (ligands, substrates, solvent molecules, metals, and counterions), 

determining the catalytic mechanistic pathway can be extremely challenging. Hence, 

unambiguous control experiments and suitable analytical techniques are essential to 

accurately elucidate the nature of the non-covalent interactions.161 

Supramolecular catalysts have demonstrated capability to accelerate reaction 

rates based on different principles. For example, the concept of preorganization can 

be critical in this regard, as if the host molecule is able to optimally organize the 

components of the reaction in a well-defined position, no major conformational 

changes are required for the reaction to occur.162 In other cases, the enhancement of 

the reaction rate is the result of stabilization of the transition state by the 

supramolecular catalyst.163 One of the main drawbacks of this approach, however, is 

that generally the rigid catalytic cavities hamper the conformational adjustment for 

perfect transition state stabilization.160 Ultimately, the rate of reaction can be 

extremely augmented as a result of the increase in the effective local concentration. 

This is in fact a predominant factor in bimolecular reactions, as if the catalyst is able 

to encapsulate the reagents in a small pocket, the probability of the reaction to occur 

is tremendously increased.164 

This section has been divided into three main topics: organometallic, 

organocatalytic, and synzymatic supramolecular catalysts. Nevertheless, it goes 

without saying that the distinction between the three subgroups is far from trivial, as 

some systems could be classified into more than one specific group.  
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1.3.1. Metalloorganic supramolecular catalysts 

In metal catalysis, the whole catalytic pool (the ligand, the counterion, and the 

metal units) can be involved in the mechanism at a given stage. Thus, non-covalent 

interactions such as hydrogen bonding, Lewis acid-Lewis base, electrostatic, and 

hydrophobic forces might be adjusted to properly tune the final catalytic properties 

of the system.161 An inspiring example showing modulable catalytic performance was 

reported by J. N. H. Reek and co-workers in 2001. This work demonstrated that 

changing the self-sorting properties in a Lewis acid-Lewis base system drastically 

affected to the catalytic performance in the asymmetric hydroformylation of 

unfunctionalized internal alkenes.165 At this point, it is important to distinguish 

between the different coordination spheres found in metallic complexes. The first 

coordination sphere consists of the solvent molecules and the coordinating groups 

of the ligands that are directly connected to the metal. The counterions and the 

remote portion of the ligand backbone, together with other molecules that interact 

with the ligands by means of non-covalent interactions, form the second 

coordination sphere. The control of the process in terms of reactivity and selectivity 

depends on the mutual interactions between all the components at both coordination 

spheres.166  

Self-assembly processes can be used very efficiently to produce in a simple way 

catalytic organometallic systems, some of them of high complexity, containing 

constrained spaces very well-suited for efficient catalytic transformations.167 One of 

the leading experts in this field is M. Fujita, whose group has designed several 

complicated organometallic cages by self-organization of the initial pieces.168 The 

properties of the cages can be easily tuned by changing the ligands and the 

coordination modes in the micro-environment of the metal. For instance, chirality 

could be easily added to the molecular cages,169 and the cavity volume could be 

straightforwardly modified by adjusting the N-Pd-N bite angles.170 Unsurprisingly, 

some of these molecular cages presented catalytic activity for a wide range of 

reactions. Diels-Alder reactions were attained within the cavity of the cyclic assembly. 
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The cage could successfully encapsulate the reactants through non-covalent 

interactions in less than 5 minutes and, upon increasing the temperature to 80 ºC, the 

Diels-Alder product formation was completed after 5 hours of reaction. The 

stereoselectivity towards the syn-conformation of the adduct was assigned to the 

presence of π-π interactions, that stabilized both the transition state and the final 

product (Figure 1.18b).171 

 

Figure 1.18. a) General structure of the Pd-cage reported by Fujita’s group. b) Crystal 
structure of the Diels-Alder product within the cavity of the self-assembled coordination 

complex.171 

In addition, other chemical transformations have been achieved in the cavities 

of self-assembled molecular cages. Ranging from Knoevenagel to hydrolysis 

reactions, many examples can be found in literature in which the acceleration of the 

reaction rate is the result of, among other features, proper preorganization, 

stabilization of the intermediates, and increased effective concentration.167a These 

substrate-ligand interactions leading to encapsulated reagents have been further 

exploited, allowing for the design of molecular complexes with recognition sites for 

specific substrates. In 2006, R. H. Crabtree et. al. reported a selective C-H oxidation 

of ibuprofen in which a target functional group of the substrate was used to interact 

with the catalyst scaffold. The authors meticulously designed a catalyst scaffold 

derived from Kemp's triacid combined with a terpyridine ligand site for manganese. 

Upon formation of the catalyst-substrate adduct through dual hydrogen bonds, one 

a) b)
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particular benzylic position of ibuprofen was placed over the Mn centre and thus, the 

selectivity for oxidation of that specific position was higher than 98% (Figure 1.19).172  

 

Figure 1.19. Molecular modelling of dimanganese catalyst docked with H-bonded 
ibuprofen (substrate).172c 

Later on, in a similar manner, hydrogen bonded assisted site-selective 

epoxidation of 3-vinylquinolones was accomplished with high enantioselectivities 

using a Ru(II)-porphyrin as catalyst.173 P. R. Schreiner and co-workers designed in 

2019 a rhodium bimetallic catalyst which was active in site-selective nitrenoid 

insertions, as a result of remote hydrogen bonding between a post-functionalized 

urea-based ligand and the substrate of reaction.174 Interestingly enough, regioselective 

reactions have also been obtained through the use of non-covalent interactions 

different from hydrogen bonding. For instance, a fascinating example was published 

in which electrostatic interactions defined the site-selectivity cross-coupling at remote 

positions. The presence of a sulfonylated phosphine ligand in a palladium complex 

allowed the differentiation between initially equivalent chlorides of different 

dichloroarenes. This was the result of attractive electrostatic interactions between the 

sulfonate group and the cation associated with the deprotonated substrate, guiding 

the Pd-catalysed cross-coupling reaction to the halide in meta- position of the arene.175 

Supramolecular interactions between ligands can also play an essential role in 

the catalytic properties of the complexes. Back in 1980s, C. F. Roobeek and P. W. N. 

M. van Leeuwen introduced the concept of ligand-ligand non-covalent interactions 
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when studying secondary phosphine oxides. Upon coordination to a soft transition-

metal, cis-coordinated phosphine ligands can interact by means of hydrogen bonding 

between the O-H (hydrogen bond donor site) of a neutral ligand and the oxygen 

atom of the neighbouring secondary phosphine oxide in its anionic configuration 

(hydrogen bond acceptor site). Thus, the initially monodentate phosphine ligands 

were found to be acting as quasi-chelates in the complexes, which provided catalytic 

activity in the hydroformylation of alkenes and the hydrogenation of alkenes and 

aldehydes.176 Other quasi-chelate examples relied on the well-established tautomer 

system 2-pyridone/2-hydroxypyridine.177 Hydrogen bonding between ligands has 

also been recently elucidated in [Cp*Ru] complexes, proven as crucial in controlling 

the regioselectivity in hydrometallation reactions of unsymmetrical alkynes. The [Ru-

Cl] unit of the catalyst served as a hydrogen bond acceptor, leading to a highly 

favourable organization of the catalyst with bound propargylic alkyne through an 

interligand hydrogen bond. This precise arrangement resulted in a highly 

preorganized complex that enhanced both regioselectivity and reaction rates.172a,178 

 

1.3.2. Supramolecular organocatalysts 

Organocatalytic protocols arose at the end of the 20th Century and have gained 

lots of adherents since then.179 In fact, the Royal Swedish Academy of Sciences 

decided to award the Nobel Prize in Chemistry 2021 to B. List and D. W. C. 

MacMillan for “the development of asymmetric organocatalysis”.180 From a sustainable point 

of view, the use of purely organic compounds as catalysts aims to decrease the 

depletion of scarcely abundant transition and noble metals. Nonetheless, replacing 

metal-based catalysts is not an easy task, as achieving the activities and selectivities 

accomplished in the presence of metallic scaffolds is quite challenging for 

compounds of merely organic nature.  

Traditional organocatalysis is not considered as a supramolecular discipline 

because the interactions in the catalytic systems usually involve creating and breaking 

reversible covalent bonds.161 This is the case of the well-established chemistry of 
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reaction activation using secondary amine containing organocatalysts. For instance, 

L-proline and several derivatives have provided remarkable advances in asymmetric 

catalysis.181 However, as the rate acceleration relies on the formation of covalent 

enamine or iminium species, substoichiometric catalytic loadings (10-20 mol%) are 

required to obtain great results. Although the synthesis of added-value enantiopure 

compounds can be attained, the high loadings needed cannot compete with the 

infinitely minor catalytic loadings (<0.5 mol%) used in organometallic catalysis. 

Therefore, the design of organocatalytic compounds able to accelerate reactions 

by means of supramolecular interactions is of paramount importance. Pioneer work 

in this field was carried out by R. Breslow and co-workers, who studied the catalytic 

effect of cyclodextrins in Diels-Alder reactions. They observed that the addition of 

nitrosobenzene with 1,3-cyclohexadiene, and that of methylvinylketone with 1,3-

cyclopentadiene, were much faster in water than in other organic solvents such as 

formamide or ethylene glycol. This observation was the result of solvophobic binding 

of the reactants in the presence of polar solvents. Thus, the potential organocatalytic 

performance of cyclodextrins was assayed, considering their hydrophobic inner 

cavity as a possible active site. Not surprisingly, the reaction rate was tremendously 

enhanced in the presence of β-cyclodextrin, whereas when α-cyclodextrin was used 

instead, it rather acted as an inhibitor. Molecular modelling studies revealed that the 

hydrophobic pocket of β-cyclodextrin was big enough to stabilize the transition state, 

but the highly energetic intermediate could not be properly located in the smaller 

cavity of the α-architecture.182 On this subject, K. B. Sharpless and co-workers 

demonstrated that reactions that took more than 24 hours in organic solvents could 

be completed within minutes in the presence of water. The organic compounds 

involved were insoluble in water, so the reaction rate enhancement relied on both 

hydrophobic effects and increased effective concentration of the reactants.183 From 

that very moment, a new field of research arose in which reactions were carried out 

“on water”. Such reactions are predominantly ruled by the hydrophobic character of 

the reagents, that tends to accelerate the reaction rates in the presence of water.184 
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Considering the huge impact that C. J. Pedersen’s crown ethers had in 

supramolecular chemistry, it is not surprising that one of the first organocatalytic 

supramolecular systems comprised those oxygenated cyclic compounds. In D. J. Sam 

and H. E. Simmon’s preliminary studies, some crown ethers were catalytically active 

in potassium permanganate-mediated oxidations by acting as phase transfer 

reagents.185 Several examples can be found in which complexation of the cation by 

the crown ethers leads to more nucleophilic/basic “naked” anions, accelerating SN2 

and E2 reactions.186 Although this methodology has been widely applied over the 

years, the work published in 2021 by G.-W. Kim and co-workers will be further 

discussed.187 In their research, the authors explored the organocatalytic properties of  

crown ethers in SN2 fluorinations. The complexation of an alkali metal, namely Cs+, 

by the macrocycle rendered an activated fluoride anion. The study revealed high 

efficiency for both intermolecular and intramolecular activation, relying on the crown 

ether units acting as Lewis base promoters. 

H. Jing et. al. designed in 2018 appropriate-size crown ethers for the 

complexation of the cationic counterions of N-heterocycle anions. Thus, the 

enhanced nucleophilic character of the anion allowed capturing CO2 to form a 

carbamate intermediate, which further reacted with cyclic epoxides to form valuable 

organic carbonates without the need of any co-catalysts.188 This experiment 

demonstrates the high level of sophistication recently reached in crown ether 

organocatalysis, developing novel supramolecular catalysts for important and diverse 

reactions such as nitrite anion reduction via electron transfer, regioselective 

functionalization of unactivated C-H bonds, or Diels-Alder additions.189 

The last part of this section is committed to the study of hydrogen bonded 

assisted organocatalysis. This branch of supramolecular organocatalysis dates back to 

1998, with the first example published by E. N. Jacobsen and M. S. Sigman. In their 

work, they proved the organocatalytic activity of chiral Schiff-bases in 

enantioselective Strecker reactions, both in solution and on solid phase. Quite 

interestingly, the catalytic activity merely relied on the hydrogen bonding donor 

properties of the thiourea group present in the structure of the ligand, as was 
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posteriorly demonstrated.190 At the same time, E. J. Corey and M. J. Grogan reported 

a chiral C2-symmetric guanidine bifunctional catalyst also active in Strecker reactions. 

In this case, one of the NH groups of the guanidine moiety was intermolecularly 

hydrogen bonded to the nitrogen atom of the initial imine, enhancing the 

electrophilic character of the carbon, and thus accelerating the reaction rate.191  

During the first quarter of the 21st century, several fascinating hydrogen bond 

donor (HBD) catalysts have been synthesized. The thiourea derived organocatalysts 

introduced by E. N. Jacobsen were found active in other asymmetric reactions such 

as Baylis-Hillman,192 or Mannich reactions.193 Subsequent investigations have 

focused on the design of appropriately preorganized HBD sites within different 

structures, in order to create organocatalytic nanoreactors.194 H.-Y. Chen’s group 

described the syntheses of two endo-functionalized organic cages exhibiting good size 

selectivity and catalytic activity for Friedel-Crafts reactions.  

 

Figure 1.20. Optimized structures of the Friedel-Craft reaction pathway in the cage.195 

The cavity could accommodate the different species without product inhibition, 

as the increase in the steric hindrance lowered the binding affinity of the product, 

compared with the reagent, regenerating the cage. In the catalytic mechanism, the 
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three endohedral phenol groups acted as active HBD sites to accelerate the reaction 

rate (Figure 1.20).195 

Heterogenous HBD catalysts have also been obtained, as for instance the Zn-

based MOF described in 2019 by S. K. Mandal and D. Markad. The catalytic activity 

of the porous material purely relied on hydrogen bonding between the primary amide 

groups and the nitro group of the reagent, activating the substrate for Friedel-Crafts 

alkylation. Additionally, the catalyst could be recovered without losing its activity up 

to 4 times, surpassing most of the previously reported results regarding heterogenous 

organocatalytic Friedel-Crafts reactions.196 Taking into account the fundamental 

correspondences between hydrogen and halogen bonding, some contributions have 

been made in the last 5 years concerning halogen bond donor catalysis.197 

On the other hand, scarce examples can be found in literature regarding 

hydrogen bond acceptor (HBA) organocatalysts. This is quite surprising considering 

that, in addition to the hydrogen donor, an acceptor with a lone electron pair is the 

essential partner in hydrogen bonding. Ma’s group reported the very first example of 

HBA assisted organocatalysis, consisting of a C2-symmetric chiral bisoxazoline. 

Biologically active agents could be catalytically synthesized through enantioselective 

aldol reactions in the presence of the chiral bisoxazoline.198 

Having described the most relevant approaches in this area, it must be 

mentioned that supramolecular organocatalysis often involves multifunctionality, 

combining within the structure of the catalyst several active sites for non-covalent 

interactions.161 Although supramolecular forces are relatively weak, appropriate 

design of catalytic species can provide synergic effects to enhance the reaction rate.199 

As an example, Z. Li et. al. studied in 2018 the catalytic performance of a cavitand in 

the ring-opening cyclization of epoxy alcohols. Comparing the activity of the 

cavitand with an open-chain analogue, the more rigid compound promoted higher 

rates and regioselectivities because of the proper preorganization of the groups. 

Thorough DFT calculations proved that the catalytic activity depended on the 
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combination of HBD and HBA sites, together with CH-π interactions that stabilized 

the TS of the desired product.200 

 

1.3.3. Synzymatic supramolecular catalysts 

As Nature has served as a dominant source of inspiration in the area of 

supramolecular chemistry, it is not surprising that enzymes have served as natural 

prototypes for the design of supramolecular catalysts.201 Consequently, much effort 

has been invested in creating systems that can mimic enzymatic catalysis, the so-called 

synzymes (synthetic enzymes).202 These artificial catalysts must present the correct 

preorganization to locate the reagents with optimal arrangements, as well as a high 

desolvation power to enhance the stabilization of the transition state within the active 

pocket. However, the unrivalled ability of enzymes to accelerate the rates of chemical 

reactions by staggering amounts (up to 1020 times the rate of the uncatalyzed 

reaction), is still a distant scenario for the synthetic systems. Nonetheless, the design 

of synzymatic systems has not only served as a proof of concept for the way enzymes 

work, but it has also provided advantages regarding some vulnerabilities of the 

biological analogues.203 Enzymes frequently present low thermal stability, low 

tolerance to experimental conditions, poor substrate versatility and diversity, poor 

adaptability to abiotic reactions, and high cost of preparation and purification.204 

Two different approaches can be followed for developing synzymes. The first 

strategy is based on designing a molecular system that is made up of similar 

components to the ones found in the active pocket of the natural enzyme. In this 

way, if the structure of the designed molecule resembles the micro-environment 

found in the enzyme, the catalyst should imitate the catalytic performance of the 

enzyme (Figure 1.21).205  
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Figure 1.21. Artistic representation of enzyme mimicking by carefully designing the active 
pocket.206 

This methodology has proven challenging, as mimicking a whole catalytic cavity 

can be exceedingly complicated for some enzymatic systems.207 Interestingly enough, 

however, the mechanistic pathways of enzymes such as chymotrypsin hydrolases or 

the enzyme family of cytochrome P-450, have been deeply understood.208 The 

remarkable catalytic activity of chymotrypsin-like enzymes relies on three main 

factors: the active site consisting of a catalytic triad (Ser-His-Asp), stabilization of the 

transition state through hydrogen bonding of the amide and amino functionalities of 

the peptidic backbone, and the hydrophobic environment.206 D. J. Cram and his team 

developed a wonderful example of a synthetic serine protease mimic, containing a 

precisely aligned catalytic triad as well as a suitable binding pocket.209 However, as 

aforementioned, preparing this system required more than 30 synthetic steps, limiting 

the relevance of this approach. 

A different scenario is found when synthetic compounds are able to simulate 

enzymatic behaviours without having structural semblance to the natural catalyst. For 

example, hydrolase activities have been attained with transition metal-based 

synzymes. D. N. Reinhoudt and co-workers developed in 2005 novel 

triazamacrocyclic ligands that were attached to different calix[4]arene based 

platforms. Effects such as the flexibility of the whole system as well as the position 

of the metal complexes were investigated in order to shed light on the mechanism in 

some hydrolytic processes.210 In more recent studies, the hydrolase activity of 
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mononuclear iron complexes,211 and dinuclear nickel complexes,212 have been 

demonstrated.  

In 2004, J. Rebek and A. Gissot reported a monofunctionalized cavitand able to 

catalyse the aminolysis of a choline derivative. A pyridone scaffold was added to the 

bowl-shaped structure, as it is a well-known bifunctional catalyst for the breakdown 

of tetrahedral intermediates. Additionally, the cavity provided the shape and the non-

covalent interactions to stabilize the transition state, creating a unique environment 

with high substrate specificity.213 

One of the main fields of application of synzymatic systems is in CO2 

conversion. It is well known that the continuous emission of carbon dioxide into the 

atmosphere is causing global warming, which is a major issue nowadays. 

Consequently, the concept of anthropogenic CO2 capture, activation and conversion, 

in combination with other simple molecules, into added-value chemical products that 

can compensate for the energetic and economic costs of its capture is currently 

receiving increasing attention. In fact, carbon dioxide is an abundant, naturally 

occurring, non-toxic, low-cost and renewable carbon source which can be used as C1 

building block. 214 Considering the sluggish reactivity of CO2 and its high stability, the 

design of efficient catalysts is of general interest.215 

In Nature, the hydrolysis of carbon dioxide into bicarbonate and protons is one 

of the fastest enzymatic reactions, accurately carried out by carbonic anhydrase. The 

active pocket of the enzyme consists of a Zn(II) metallic core coordinated to three 

imidazolium residues (His-triad) of the macromolecule, with a water molecule or 

hydroxide anion (depending on the pH) completing the distorted tetrahedral 

arrangement of the complex (Figure 1.22).216 This enzyme catalyses other processes 

involving hydration of aldehydes, pyruvate and alkyl pyruvates as well as the 

hydrolysis of carboxylic, sulfonic, carbonic and phosphoric esters.217 
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Figure 1.22. Carbonic anhydrase active site at basic pH, observing a hydroxide anion 
(PDB:1CA2). 

Notably, carbonic anhydrase mimics have been proposed as potential catalysts 

for carbon capture and sequestration from the environment.218 Most commonly, 

these synzymes contain Zn(II) metalorganic complexes, though a few examples with 

other abundant and inexpensive metals have also been reported. Early examples were 

based on metallic complexes of cyclodextrins derivatives, as cyclic dextrins were one 

of the most we---studied supramolecular systems. For instance, I. Tabushi and Y. 

Kuroda reported in 1984 a bis(histamino)-π-cyclodextrin-Zn2+-imidazole complex as 

a moderately active carbonic anhydrase mimic. An insight in the mechanistic pathway 

demonstrated a critical reduction in the catalytic activity as a result of the fast 

carbamation of the free imidazolium groups, together with a pH drop and 

bicarbonate inhibition.219 Since then, several biomimetic complexes have been 

developed to reproduce the specific [Zn(His)3(OH2)]2+ coordination core, although 

dicationic zinc aqua model complexes have proven extremely difficult to stabilize. 

Most classical models only succeeded in stabilizing Zn-hydroxo species because of 

the high Lewis-acidity of the Zn(II) centre bound to only four neutral ligands. In 

strong contrast, a very stable dicationic zinc-aqua complex was obtained using the 

calix[6]tris(imidazole) ligand in 2001. Despite the complex did not render hydrolytic 

activity, it served to study the binding properties of such constrained metallic 

centres.208b,220 

Zn2+
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More sophisticated studies have been attained in the recent years.221 MOFs and 

Zn-clusters have proved to efficiently reproduce some carbonic anhydrase catalytic 

processes.218,222 The emergence of stimuli-responsive molecular machines has 

allowed to better control the catalytic activity of synzymatic systems. For instance, S. 

Bandyopadhyay and M. Saha built a photoresponsible carbonic anhydrase mimic. 

Using light as stimulus is convenient as it offers excellent spatio-temporal control 

and it can operate without any physical contact. This elegantly designed 

photoswitchable catalyst consisted of a bisimidazole-azobenzene scaffold which, 

upon irradiation, shifted the conformation from cis- to trans-. The cis-isomer 

performed tremendously greater catalytic activities than the trans-isomer, as a result 

of a bidentate coordination of the imidazole groups to the Zn(II) metallic core. In 

contrast, the trans-configuration led to the formation of polymeric complexes, which 

were found less active in the ester hydrolysis. Additionally, the catalytic activity was 

much enhanced by the introduction of an ionic polymeric co-catalyst that helped in 

the stabilization of the oxyanion transition state.223 

Nowadays, carbonic anhydrase mimics are used not only for conversion of CO2 

into bicarbonate but also for the formation of added-value chemicals. For instance, 

the catalytic conversion of carbon dioxide into cyclic carbonates has been extensively 

studied, as the products find many utilities such as raw materials for green polymers, 

electrolytes in lithium-ion batteries and as benign solvents.224 The most established 

mechanism for the reaction encompasses an oxirane (R in Figure 1.23) ring-opening 

step by a nucleophilic species (Nu in Figure 1.23), leading to the phenolate 

intermediate (I1 in Figure 1.23). The phenolate thus attacks to the carbon dioxide 

molecule, obtaining a carboxylate intermediate (I2 in Figure 1.24). Finally, the oxygen 

atom of the carboxylate intermediate attacks to the vicinal electrophilic carbon 

(substituted with the leaving group, CH2-Nu) producing the desired cyclic carbonate 

(P in Figure 1.23).225 The regioselectivity of the ring-opening step, namely α- or β-

attack, much depends on the nature of both the epoxide and the catalyst 

introduced.226 
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Figure 1.23. Most established mechanism for the cycloaddition of CO2 to styrene 

oxide in the presence of a nucleophile. The β-attack mechanism has been displayed 

in this case. 

This reaction has been successfully achieved in the presence of Lewis acids, 

Lewis bases, nucleophiles, and more sophisticated multifunctional/multicomponent 

catalysts.227 Considering the many interacting sites of enzymes, some bioinspired 

enzyme mimics have provided remarkable advantages on this behalf. For instance, in 

2019, Liu et. al. designed amide-functionalized heterometallic helicate cages that were 

able to efficiently convert CO2 into the desired cyclic carbonate. The robust synzyme 

could be easily recycled for up to 5 runs, and its high catalytic activity was based on 

the well-oriented multiple Lewis-basic and Lewis-acid active sites of the cage.228 

In this regard, an organocatalytic synzymatic system has been recently reported 

by our research group. The efficiency of the cycloaddition of CO2 to epoxides was 

significantly improved by the presence of highly constrained pseudopeptidic 

macrocycles, which could be recycled for up to 3 times. The activity relied on 

synergetic effects involving an optimal preorganization of the whole catalytic pool 

and the Lewis-basic sites present in the macrocyclic structures, which captured 

carbon dioxide (see Chapter 5). This system was further developed, envisaging that 

the use of a hydrophobic solid-solvent could promote stronger non-covalent 

interactions between the active-sites and the substrates.229 With this objective in 

mind, we decided to design macrocyclic pseudopeptides bearing a pendant arm 

R P

I1 I2
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within their structure, so they could be easily immobilized onto polymeric 

supports.230 As expected, these heterogeneous organocatalysts were active in the 

cycloaddition of CO2 to terminal epoxides, promoting high TON and TOF values 

even at moderate reaction conditions (see Chapter 6). 

Combining the many advantages provided by the pseudopeptidic functional 

groups with the well-known catalytic benefits of metallic centres, we also designed a 

series of macrocyclic organometallic catalysts with a high level of preorganization. 

These Zn(II)-derived compounds were found active in the cycloaddition of carbon 

dioxide to epoxides, even at room temperature, in the absence of auxiliary co-

catalysts (Chapter 7). Interestingly, the catalysts promoted good enantioselectivities 

for the desired cyclic carbonates through kinetic resolution of oxiranes. 
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As has been previously mentioned, this PhD is framed in between the areas of 

Supramolecular Chemistry and Sustainable Chemistry. The general targets of this 

thesis have been: 

➢ To meticulously design pseudopeptidic systems bearing in their 

structures preorganized cavities. 

➢ To develop greener synthetic protocols for challenging 

macrocyclizations and macrobicyclizations, based on flow chemistry, 

the use of templating agents, and the use of preorganized reagents. 

➢ To characterize and elucidate the conformational features of the 

different macrocycles considering their supramolecular properties with 

the combined use of a wide range of spectroscopic techniques and 

theoretical calculations.  

➢ To study the viability of the different systems to act as enzyme-like 

catalysts for CO2 conversion.  

➢ To explore the feasibility of the final cyclic products to perform as host 

molecules for selective molecular recognition of relevant substrates. 

Starting from these overall goals of the PhD, the specific objectives that were 

established for each of the chapters of the present thesis are summarized below. 

The specific objectives for Chapter 3 (Highly selective anion template effect in 

the synthesis of constrained pseudopeptidic macrocyclic cyclophanes), which is 

framed in the field of template-assisted macrocyclizations, were established as 

follows: 

➢ To synthesize a series of constrained pseudopeptidic macrocycles 

bearing in their structure the hexahydropyrrolo[3,4-f 

]isoindolocyclophane scaffold. 

➢ To characterize the C2-symmetric cyclic pseudopeptides by means of 

spectroscopic and solid-state X-ray analyses. 
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➢ To study the kinetic profiles for the macrocyclization reactions, 

evaluating the role of the aliphatic spacer length and the halide anion 

introduced in the system. 

➢ To design an open-chain analogue for corroborating the catalytic 

template-effect of the macrocyclization leaving groups, i.e., bromide 

anions. 

In terms of Chapter 4 (Continuous flow processes as an enabling tool for the 

synthesis of constrained pseudopeptidic macrocycles), that can be categorized in the 

field of flow chemistry, the specific goals were: 

➢ To synthesize an appropriate supported base for performing the 

macrocyclization reaction using continuous-flow protocols. 

➢ To design a flow set-up for the macrocyclization, taking into account 

the intrinsic requirements of the reaction. 

➢ To optimize the reaction conditions, flow rate and residence time, for 

affording the desired yields of the products. 

➢ To design a new flow set-up combining both the synthesis and isolation 

of the macrocycles. 

➢ To evaluate the advantages promoted by flow chemistry in comparison 

with the batch macrocyclization, measuring the productivity and E-

Factor for both conditions. 

➢ To introduce a simple environmental metric for scrutinization of 

macrocyclization reactions in terms of their environmental 

implications. 

The main objectives for Chapter 5 (Pseudopeptidic macrocycles as cooperative 

minimalistic synzyme systems for the remarkable activation and conversion of CO2 

in the presence of chloride anion), that is framed in the field of supramolecular and 

enzyme-like catalysis, were: 
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➢ To assay the catalytic activity of the macrocycles described in chapter 3 

as organocatalysts in the transformation of epoxides to cyclic 

carbonates using CO2. 

➢ To study the effect of the aliphatic spacer length in the preorganization 

of the catalytic active groups and, therefore, in the catalytic efficiency 

of the bicomponent system. 

➢ To elucidate the supramolecular forces governing the catalytic activity 

of the enzyme-like systems by means of spectroscopic techniques and 

molecular modelling. 

➢ To analyse the applicability of the most active system in the 

cycloaddition of CO2 to different epoxides, and to design an 

appropriate recycling protocol.  

In a similar manner, the specific goals for Chapter 6 (Immobilized 

supramolecular systems as efficient synzymes for CO2 activation and conversion), 

which can also be framed in the area of enzyme-like supramolecular catalysis, are 

described below. 

➢ To synthesize a new family of pseudopeptidic macrocycles bearing in 

their structure a functional pendant arm. 

➢ To evaluate the catalytic properties of the macrocycles for the 

homogeneous cycloaddition of CO2 to styrene oxide, in the presence 

of a nucleophile source. 

➢ To immobilize the macrocyclic pseudopeptides, together with a 

nucleophile source, on PS-DVB polymeric resins. Thereafter, to 

characterize the multicomponent materials obtained. 

➢ To study the catalytic properties of these novel materials as 

heterogenous synzymes for the cycloaddition of CO2 to epoxides.  

➢ To develop a protocol for recycling the materials and to assay the 

reusing properties for such catalysts.  
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The main objectives for Chapter 7 (Bioinspired one-component catalysts for the 

enantioselective cycloaddition of CO2 to epoxides), which describes the use of 

bioinspired organometallic catalysts, were identified as follows:  

➢ To design a series of pseudopeptidic ligands with a cavity that can 

complex metallic ions. 

➢ To synthesize and characterize the corresponding bimetallic Zn2+ 

complexes for the different pseudopeptidic macrocycles. 

➢ To evaluate the efficiency of these novel organometallic compounds as 

one-component catalysts for the cycloaddition of CO2 to terminal 

epoxides. 

➢ To elucidate the catalytic mechanism. 

The main objectives of Chapter 8 (Doubly chiral pseudopeptidic macrobicyclic 

molecular cages: water-assisted dynamic covalent self-Assembly and chiral self-

sorting), that can be framed in the field of dynamic covalent chemistry and template-

assisted macrocyclizations, were established as: 

➢ To synthesize a new family of dynamic pseudopeptidic cryptand-like 

compounds through imine condensation reactions. 

➢ To study the selectivity changes promoted by different chemical 

effectors, as for instance, the solvent used as reaction medium. 

➢ To evaluate the self-sorting properties for the dynamic library of 

cryptands. 

➢ To elucidate the main supramolecular driving forces for the high-

fidelity homochiral self-sorting observed. 

Finally, the main objectives of Chapter 9 (Unravelling the supramolecular 

driving forces in the formation of CO2-responsive pseudopeptidic low molecular 

weight hydrogelators), that is focused on the design of bioinspired responsive 

materials, were set as follows: 
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➢ To synthesize a new family of homoleptic and heteroleptic tetra-

pseudopeptides. 

➢ To study the gelating properties of the pseudopeptidic compounds 

both in aqueous and organic solvents. 

➢ To evaluate the supramolecular sites of the different open-chain 

pseudopeptides. 

➢ To assay the effect on the supramolecular self-assembly of external 

stimuli like pH and CO2. 



 

Chapter 3 
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3.1. Main text 

3.1.1. Abstract 

Herein, we report the synthesis of a novel family of constrained pseudopeptidic 

macrocyclic compounds containing the hexahydropyrrolo[3,4-f ]isoindolocyclophane 

scaffold and involving four coupled substitution reactions in the macrocyclization 

process. Although the increase in the number of steps involved in the 

macrocyclization could lead to a larger number of possible side products, the 

optimization of the methodology and the study of the driving forces have made it 

possible to obtain the desired macrocycles in excellent yields. A thorough 

computational study has been carried out to understand the macrocyclization 

process, and the results obtained nicely agree with experimental data. Moreover, the 

bromide anion had a clear catalytic template effect in the macrocyclization reaction, 

and surprisingly, the chloride anion had a negative template effect in opposition to 

the results obtained for analogous macrocycles. The parameters responsible for the 

specific kinetic template effect observed have been studied in detail. 

 

3.1.2. Introduction 

Macrocyclic compounds play an important role in Nature, having found 

important applications in host-guest chemistry, catalysis, sensing, and for planning 

and construction of new materials,1 and, particularly, cyclopeptides have been shown 

to take part in important biological functions.2  

The synthesis of macrocyclic compounds usually requires an important 

synthetic effort, the macrocyclization step being often yield-limiting.3 This step needs 

to efficiently compete with intermolecular dimerization and oligomerization 

processes and requires an efficient preorganization of the intermediate species.4 In 

this regard, it has been described that a U-turn preorganization in pseudopeptides 

can favour the intramolecular processes over the intermolecular ones, providing 

simple routes for the preparation of the related macrocyclic structures.5 As a matter 
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of fact, the presence of folded conformations has been associated with the outcome 

of macrocyclization reactions in many peptides and pseudopeptides.6 Several 

structural units such as urea, proline residues, rigid aromatic units, and so on have 

been associated with the formation of α-, β-, γ-, or related U-turns.7 Such 

arrangements, with the appropriate orientation, provide an unencumbered trajectory 

of attack, accelerating the intramolecular macrocyclization process. Polycations, 

oligoamides, and peptidic structures can develop strong supramolecular interactions 

with anions,8 facilitating their appropriate folding and providing access to efficient 

macrocyclization processes.9 The selection of a suitable anion can be crucial, as 

anions can act either as kinetic or as thermodynamic templates, stabilizing the 

corresponding transition state or final macrocycle through specific supramolecular 

interactions.10 

In the framework of previous studies on minimalistic pseudopeptidic 

compounds,11,12 the efficient preparation of macrocyclic structures was achieved 

through the reaction of C2-symmetric pseudopeptides with bis(halomethyl)arenes. 

This was based, in some cases, on the proper conformational and configurational 

preorganization of open-chain precursors,13 whereas, in other instances, the use of 

anionic templates allowed high-yielding macrocyclization processes, even for systems 

for which conformational or configurational factors were unfavorable.14 The first 

generations of polyazacyclophanes prepared in this way were highly dynamic, 

behaving as minimalistic models of molecular rotors,15 and displayed interesting self-

assembly,16 molecular recognition, and sensing properties.11,17 In this context, the 

design and preparation of more rigid related systems is of interest, considering the 

role of preorganization in supramolecular properties.18 

Herein, we report the synthesis of a novel family of conformationally 

constrained pseudopeptidic macrocycles (3), for which the macrocyclization requires 

four consecutive substitution reactions competing with the corresponding 

intermolecular processes and where the role of the halide anions present is key to 

achieve excellent results. 
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3.1.3. Experimental section 

General.  

NMR experiments were carried out at 400 or 300 MHz for 1H and 100 or 75 

MHz for 13C. Chemical shifts are reported in ppm from tetramethylsilane using the 

solvent resonance as the internal standard. Fourier transform infrared (FT-IR) 

spectra were recorded using an attenuated total reflection (ATR) adapter. High 

resolution mass spectrometry (HRMS) were recorded with a Q-TOF instrument. 

Rotatory power was determined with a digital polarimeter (Na: 589 nm). Melting 

points were measured using a standard apparatus and are uncorrected.  

Open-chain pseudopeptidic compounds 1 were prepared following literature 

procedures.13 

General Macrocyclization Reaction Conditions.  

Synthesis of 3a. Open-chain pseudopeptide 1a (119 mg, 0.459 mmol) and 

tetrakis(bromomethyl)-benzene 2 (217 mg, 0.459 mmol) were dissolved in 

acetonitrile (155 mL), together with 6 equivalents of Cs2CO3 (897 mg, 2.754 mmol). 

The reaction mixture was refluxed on a heating mantle with magnetic stirring for 2.5 

h, and then the solvent was evaporated under vacuum. The resulting residue was 

treated with basic water (pH ≈ 11), centrifuging the final suspension at 3000 rpm for 

8 min, and the solid afforded pure 3a. Yield (150 mg, 85.2%, 0.392 mmol); mp >300 

°C; [α]D
25 -32.8° (c = 0.5, MeOH); IR (ATR): 3263, 3053, 1623, 1531 cm-1; 1H NMR 

(400 MHz, CD3OD): δ 0.78 (d, J = 6.5 Hz, 6H), 1.10 (d, J = 6.6 Hz, 6H), 1.95-2.07 

(m, 2H), 2.51 (d, J = 10.3 Hz, 2H), 2.94-3.14 (m, 4H), 3.82-3.93 (m, 4H), 4.24−4.29 

(m, 4H), 7.06 (s, 2H); 13C{1H} NMR (100 MHz, CD3OD): δ 20.1, 20.1, 31.5, 40.9, 

55.0, 62.6, 77.3, 117.9, 141.9, 142.8, 175.3; HRMS (ESI/Q-TOF) m/z: [M + H]+ 

calcd for C22H33N4O2, 385.2604; found, 385.2598. 

Synthesis of 3b. This compound was obtained as described above starting from 

1b. Yield 78.0%; mp >300 °C; [α]D
25 -65.2° (c = 0.5, MeOH); IR (ATR) 3337, 3071, 

1621, 1541 cm-1; 1H NMR (400 MHz, CD3OD): δ 0.41 (m, 2H), 0.81 (d, J = 6.5 Hz, 



Highly selective anion template effect in the synthesis of macrocycles 

120 

6H), 1.10 (d, J = 6.6 Hz, 6H), 1.96-2.09 (m, 2H), 2.38 (ddd, J = 12.8, 9.8, 7.6 Hz, 

2H), 2.52 (d, J = 10.7 Hz, 2H), 2.91 (ddd, J = 12.8, 9.5, 7.4 Hz, 2H), 3.85 (d, J = 14.9 

Hz, 2H), 4.14 (d, J = 15.4 Hz, 4H), 4.48 (dd, J = 28.4, 15.2 Hz, 4H), 6.90 (s, 2H); 

13C{1H} NMR (100 MHz, CD3OD): δ 20.1, 20.1, 28.5, 29.8, 37.9, 53.2, 61.5, 77.0, 

116.8, 142.2, 173.5; HRMS (ESI/Q-TOF) m/z: [M + H]+ calcd for C23H35N4O2, 

399.2760; found, 399.2762. 

Synthesis of 3c. This compound was obtained as described above starting from 

1c. Yield 69.0%; mp >300 °C; [α]D
25 -63.2° (c = 0.5, MeOH); IR (ATR) 3356, 3070, 

1629, 1540 cm-1; 1H NMR (400 MHz, CD3OD): δ 0.84 (d, J = 6.6 Hz, 6H), 0.88-1.04 

(m, 4H), 1.10 (d, J = 6.6 Hz, 6H), 2.03 (dq, J = 10.3, 6.6 Hz, 2H), 2.67 (d, J = 10.4 

Hz, 2H), 2.69-2.77 (m, 2H), 3.13 (dt, J = 13.3, 7.4 Hz, 2H), 3.97 (d, J = 14.7 Hz, 2H), 

4.12 (d, J = 14.8 Hz, 2H), 4.44 (dd, J = 16.4 Hz, 4H), 6.94 (s, 2H); 13C{1H} NMR 

(100 MHz, CD3OD): δ 20.2, 20.3, 26.9, 30.5, 40.1, 53.6, 61.5, 76.7, 116.9, 141.0, 

141.3, 174.1; HRMS (ESI/Q-TOF) m/z: [M + H]+ calcd for C24H37N4O2, 413.2917; 

found, 413.2915. 

Synthesis of 3d. This compound was obtained as described above starting from 

1d. Yield after purification by flash chromatography using CH2Cl2:MeOH (95:5) as 

the eluent mixture 31.7%; mp >300 °C; [α]D
25 +20.8° (c = 0.2, MeOH); IR (ATR) 

3288, 3075, 1625, 1547 cm-1; 1H NMR (400 MHz, CD3OD): δ 0.85 (d, J = 6.5 Hz, 

6H), 1.05-0.93 (m, 4H), 1.08 (d, J = 6.6 Hz, 6H), 1.13-1.26 (m, 2H), 2.06 (dp, J = 

10.7, 6.5 Hz, 2H), 2.60 (dt, J = 13.4, 6.6 Hz, 2H), 2.71 (d, J = 10.7 Hz, 2H), 2.79- 

2.93 (m, 2H), 3.96 (d, J = 14.0 Hz, 2H), 4.20 (d, J = 13.9 Hz, 2H), 4.24-4.39 (m, 4H), 

6.97 (s, 2H); 13C{1H} NMR (100 MHz, CD3OD): δ 20.1, 20.2, 26.1, 29.2, 30.4, 40.8, 

53.1, 60.5, 75.3, 117.2, 140.6, 140.8, 173.1; HRMS (ESI/Q-TOF) m/z: [M + H]+ 

calcd for C25H39N4O2, 427.3073; found, 427.3070. 

Synthesis of 3e. This compound was obtained as described above starting from 

1e. Yield after purification by flash chromatography using CH2Cl2/MeOH (90:10) as 

the eluent mixture 28.7%; mp >300 °C; [α]D
25 -9.9° (c = 0.1, MeOH); IR (ATR) 3290, 

3077, 1632, 1546 cm-1; 1H NMR (400 MHz, CD3OD): δ 0.68-0.8 (m, 4H), 0.86-0.96 
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(m, 8H), 1.00-1.12 (m, 12H), 1.27-1.41 (m, 4H), 1.42-1.53 (m, 2H), 2.08-2.20 (m, 2H), 

2.85 (d, J = 10.1 Hz, 2H), 2.89-2.96 (m, 2H), 3.51-3.60 (m, 2H), 4.07-4.20 (m, 8H), 

7.01 (s, 2H); 13C{1H} NMR (100 MHz, CD3OD): δ 20.0, 20.1, 28.0, 28.8, 30.9, 31.3, 

31.3, 39.3, 55.6, 62.7, 72.8, 117.0, 139.3, 172.1; HRMS (ESI/Q-TOF) m/z: [M + H]+ 

calcd for C30H49N4O2, 497.3856; found, 497.3863. 

Synthesis of 5a. Compound 1a (352 mg, 1.363 mmol), α,α’-dibromo-o-xylene 4 

(249 mg, 0.908 mmol) were dissolved in acetonitrile (250 mL) in the presence of 

Cs2CO3 (1775 mg, 5.448 mmol), and the reaction mixture was refluxed on a heating 

mantle with magnetic stirring for 5 h. The solvent was then evaporated under vacuum 

and the resulting solid was purified by flash chromatography using CH2Cl2/MeOH 

(92:8) as the eluent mixture. Yield (99 mg, 30.2%, 0.275 mmol); mp 117-119 °C; [α]D
25 

-21.6° (c = 0.2, MeOH); IR (ATR): 3291, 3069, 1639, 1539 cm-1; 1H NMR (400 MHz, 

CD3CN): δ 0.78 (d, J = 6.8 Hz, 3H), 0.91 (d, J = 7.0 Hz, 3H), 0.94 (d, J = 6.7 Hz, 

3H), 1.01 (d, J = 6.8 Hz, 3H), 2.00-2.17 (m, 2H), 2.91 (d, J = 6.8 Hz, 1H), 3.13 (d, J 

= 4.4 Hz, 1H), 3.22-3.34 (m, 4H), 3.88-4.09 (m, 4H), 7.06 (s, 1H), 7.20 (m, 4H), 7.46 

(s, 1H); 13C{1H} NMR (100 MHz, CD3OD): δ 17.7, 18.8, 19.4, 20.5, 30.1, 32.3, 39.4, 

40.4, 56.7, 60.9, 74.1, 123.2, 127.8, 140.6, 173.9, 174.3; HRMS (ESI/Q-TOF) m/z: 

[M + H]+ calcd for C20H33N4O2, 361.2604; found, 361.2605. 

Crystal Structures.  

Single crystals suitable for X-ray crystallography were obtained by slow 

evaporation of a solution of the macrocyclic compound in methanol. A suitable 

crystal was selected and mounted on a SuperNova, Dual, Cu at zero, Atlas 

diffractometer. The structure was solved with the SHELXT 2014/526 structure 

solution program and refined with the SHELXL-2018/327 refinement package. 

Artwork representations were processed using MERCURY28 software. 
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3.1.4. Results and discussion 

Open-chain pseudopeptides 1a-e were prepared starting from the 

corresponding commercially available protected amino acid as has been previously 

described.13 

The macrocyclization between 1a and tetrakis-(bromomethyl)benzene 2 

(Scheme 3.1) was assayed under different conditions (Supporting Information, Table 

S3.1). Best yields, as determined by 1H NMR, were obtained using Cs2CO3 as the 

base and CH3CN as the solvent (95% yield after 3 h of reaction at 90 °C, entry 11, 

Table S3.1). It has to be mentioned that in the absence of Cs2CO3 the maximum yield 

obtained was 50%, suggesting that 1a acted as the base neutralizing the ammonium 

salts formed after each N-alkylation, as has been observed before for related 

macrocyclization processes (entry 7, Table S3.1).10d  

 

Scheme 3.1. Syntheses of pseudopeptidic macrocycles 

The ESI-MS (+) of the crude of the reaction showed an intense peak at m/z 

385.2 associated with [3a + H]+ and the complete absence of signals corresponding 

to the open-chain intermediate or the [2 + 2] or other [n + n] macrocycles. The small 

peak observed at m/z 769.5 was assigned to the [3a + 3a + H]+ cluster, as confirmed 

by MS/MS experiments (Supporting Information, Figure S3.1).19 When apolar 

solvents like 1,2-dimethoxyethane, CHCl3, or toluene were assayed, no reaction could 

be observed, which can be assigned to the lack of solubility of either the reagents or 

the base needed. On the other hand, when ethanol or DMF was used, a noteworthy 

decrease in the efficiency of the macrocyclization was detected, most likely associated 
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with the interference with the hydrogen bonding patterns that can be essential for a 

proper preorganization of the intermediates. 

Figure 3.1 shows the 1H NMR spectra obtained for the reaction between 1a and 

2 at different reaction times (90 °C, CD3CN).  

 

Figure 3.1. 1H NMR spectra for the reaction between 1a and 2 in CD3CN at 90 °C. 
Upward arrows indicate macrocycle 3a formation, and downward arrows indicate 
disappearance of open-chain precursor 1a and tetrakis(bromomethyl)benzene 2. 

The disappearance of reagents was followed by monitoring the HA aromatic 

signal for 2 and the HB and HC valine signals for 1a. The formation of 3a was followed 

through the appearance of the signals for the aromatic (HD), benzylic (HE, HF), chiral 

(HG), and valine (HH and HI) protons. It must be noted that, upon cyclization, 

significant upfield shifts were observed for the signals of the methylene groups (HJ) 

of the central spacer, in good agreement with the results observed for other related 

polyaza[n]cycloalcanes20 and cyclic pseudopeptides.13 The large anisotropy observed 

for the two hydrogen atoms of different methylene groups confirms also a high level 
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of conformational constraint. It must be noted that no relevant peaks for other 

species were detected during this transformation, which highlights the remarkable 

selectivity of this macrocyclization process where once the first N-C bond is formed 

the intramolecular formation of the other three N-C bonds needs to compete 

efficiently with related intermolecular reactions, leading to oligomers or polymers. 

As could be expected, a significant effect of the nature of the spacer on the 

macrocyclization yield was observed at 3 mM concentration (Table 3.1). For open-

chain pseudopeptides with longer aliphatic spacers (n ≥ 1), the selectivity decreases 

as the length of the spacer increases, with the formation of poly- or oligomeric side 

products, as evidenced by ESI-MS and 1H NMR spectra (Supporting Information, 

Figures S3.2 and S3.3). Still, although longer aliphatic chains can disfavour the 

intramolecular hydrogen-bonding that leads to a favourable U-fold preorganization, 

cyclization yields were also good for precursors 1d-e (>50% selectivity). The 

presence of amide functionalities seems to play a key role in such remarkable 

macrocyclization yields, as confirmed by results obtained using α,ω-diamines instead 

of diamino-diamides 1. Thus, for instance, the reaction using 1,8-diaminooctane 

yielded a highly insoluble oligomeric/polymeric material with the total absence of the 

macrocyclic product. 

Table 3.1. Yield obtained for the macrocyclization reaction between 1a-e and 2.a 

Entry Macrocycle 
Conversion 

(%)b 

Selectivity 

(%)b 

Isolated yield 

(%) 

1 3a >99 99 85c 

2 3b >99 90 78c 

3 3c >99 76 69c 

4 3d >99 59 32d 

5 3e >99 51 29d 
a CH3CN, 3 h of reaction, 90 °C. b Determined by 1H NMR. c Isolated yield after treatment 
with basic water. d Isolated yield after chromatographic purification. 

Computational studies were also carried out to shed light on these processes. 

For this purpose, the open-chain intermediates, generated from 1a-e after the two 

initial SN2 reactions had taken place with the formation of the isoindoline structure, 
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were fully optimized using molecular mechanics at the Merck Molecular Force Field 

(MMFF) level of theory with the Spartan08 program (Figure 3.2).21 All intermediates 

displayed folded conformations driven by intramolecular hydrogen bonds. For 

compounds with shorter spacers (Figure 3.2a,b), the minimum energy conformers 

contained intramolecular hydrogen bonds involving the amide NH groups and the 

primary and ternary amine groups at both ends of the pseudopeptidic chain. This 

achieved U-turn conformations with the two amide groups in syn-disposition. 

 

Figure 3.2. Minimum energy conformers calculated for the corresponding intermediates 
when precursors 1a-e were used. 

 On the contrary, for compounds containing larger spacers (4, 5, and 10 

methylene units, Figure 3.2c-e), the hydrogen bond between one amide NH and the 

ternary amine group was preserved, but the hydrogen bonding of the second amide 

NH involved the participation of one amide CO as the hydrogen bond acceptor, 

directly or through a NH····NH2····OC array (Figure 3.2e). This resulted in the two 

amide groups displaying an anti-disposition. As a result of these conformational 

preferences, the distance between the nitrogen atom of the primary amino group and 

the closest carbon atoms of the bromomethyl subunits was significantly shorter for 

precursors 1a,b than for 1c-e (6.37, 4.74, 9.73, 10.96, and 11.61 Å, respectively). 

These shorter C-N distances for 1a,b should correlate with an increased probability 

a) b)

c) d) e)
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for the intramolecular cyclization reaction in good agreement with experimental 

results. For the non-pseudopeptidic 1,8-diamineoctane, the minimized structure 

showed an almost extended conformation in agreement with the low probability of 

the intramolecular cyclization observed experimentally (Supporting Information, 

Figure S3.4). 

On the other hand, the smaller involvement of the nitrogen lone pairs of the 

primary amino groups in the intermediates displaying longer spacers is in good 

agreement with the higher reactivity observed for the corresponding pseudopeptides. 

High-performance liquid chromatography (HPLC) analysis allowed monitoring the 

conversion of tetrakis(bromomethyl)-benzene (2). For precursors 1c-e, the total 

consumption of 2 was achieved after 2 h of reaction, whereas almost 3 h were needed 

for 1a,b (Figure 3.3). 

 

Figure 3.3. Kinetic profiles of the macrocyclization reaction between 1a-e (3 mM) and 2 (3 
mM), using acetonitrile as the solvent at 90 °C. The conversion was determined by HPLC. 

Furthermore, ESI-MS analysis of the reaction crude obtained in competitive 

experiments using an equimolecular mixture 1a-e (1 equiv each) and 2 (1 equiv) 

(CH3CN, 24 h, Supporting Information, Figure S3.5a) revealed that the preference 

for the formation of the corresponding [1 + 1] macrocycles followed the order 3a > 

3b > 3c > 3d > 3e (Supporting Information, Figure S3.5b). This confirmed the 

strong selectivity toward the macrocyclization process for the open-chain 
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pseudopeptides with the shorter central aliphatic spacers, despite their slightly lower 

reactivity. 

All the macrocyclic products could be purified to isolate the pure compounds 

in 29-85% yields and were fully characterised by spectroscopic and ESI-MS 

techniques. Further confirmation of the expected structures was obtained by X-ray 

diffraction. Single crystals suitable for this technique were obtained for compounds 

3a, 3b, and 3e by slow evaporation of methanol. Only a partial resolution could be 

achieved for the crystal obtained from 3d, but the results also confirmed the 

formation of the macrocyclic structure Figure 3.4 shows the molecular structures for 

3a, 3b, and 3e (see also Supporting Information, Figures S3.13−S3.15). 

 

Figure 3.4. Molecular structures of macrocycles a) 3a, b) 3b, and c) 3e. Distances from the 
centroid of the aromatic moiety to the closest H of the aliphatic spacer have been 

highlighted in green. Ellipsoids at 50% of probability. 

As can be observed in Figure 3.4, the amide groups are essentially coplanar for 

the largest macrocyclic compound 3e (amide-amide angle 21°), whereas for 3a and 

3b the amides lay in almost perpendicular planes (67 and 87°, respectively, 

Supporting Information, Figure S3.16). Remarkable differences are observed in the 

structure of the five-membered rings. For 3a and 3b, the nitrogen atom is located 

3,74 Å 2,85 Å

3,04 Å
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above the aromatic ring plane, whereas for 3e both nitrogen atoms are below this 

plane. An intermediate situation is present in the partly resolved structure of 3d, with 

each nitrogen atom located at a different side of the aromatic plane (Supporting 

Information, Figure S3.17). The presence of intramolecular aromatic-H contacts is 

highlighted in Figure 3.4, with centroid-H distances following the order 3b < 3e < 

3a. 

For macrocycles 3a and 3b, the packing is stabilized by strong parallel amide-

amide H-bonds in columnar stacks providing well-defined β-sheet-like arrangements. 

However, for compound 3e, the amide groups are in an antiparallel disposition with 

the hydrogen bonding network involving amide-amide H-bonds between one 

molecule and four adjacent ones (Supporting Information, Figure S3.18). 

Hydrophobic interactions that are essential for the structural stability of biomolecules 

in water,22 in particular for the organization and assembly of peptides and proteins,23 

are also key for the final 3D packing as in other pseudopeptidic systems.24 

Hydrophobic interactions involve preferentially weak isopropyl-isopropyl and 

isopropyl-aromatic contacts for 3a and 3b, whereas 3e displays aromatic-methylene 

and isopropyl-methylene contacts involving the long aliphatic spacer (Supporting 

Information, Figures S3.19−S3.21).  

As much as four bromide anions are generated for each macrocycle formed, an 

anion effect can be expected for this process according to previous results in this 

field.9-13 When the macrocyclization using 1a was carried out in the presence of 10 

equiv of NEt4Br, a clear increase in the reaction rate was observed (100% conversion 

and 96% yield after 1.5 h against ca. 65% yield in the absence of added salt). A similar 

kinetic effect was observed for 1d, whereas for 1e the effect was very minor 

(Supporting Information, Figure S3.6). Nevertheless, no significant differences in the 

final selectivity were detected after adding 10 equiv of NEt4Br (entries 1, 2, and 3 

Table 3.2 vs entries 1, 4, and 5 Table 3.1). This suggests that one main effect of adding 

an excess of bromide anions can be the increase of the nucleophilic character of the 

primary amino groups by efficiently competing with them in the hydrogen bonding 
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to the amide N-H fragments, which agrees well with NMR data (Supporting 

Information, Figure S3.7). 

Table 3.2. Macrocyclization yields obtained in the presence of an excess of anions.a 

Entry Macrocycle X- 
Conversion 

(%) 

Selectivity 

(%)b 

1 3a Br- >99 96 

2 3d Br- >99 59 

3 3e Br- >99 47 

4 3a I- >99 82 

5 3a Cl- >99 ndc 

a CH3CN, 1.5 h of reaction, 90 °C. b Determined by 1H NMR. c Not detected. 

In spite of the NMR titration data showing that chloride associates more 

strongly with 1a than bromide (Supporting Information, Figure S3.7), the addition of 

an excess of chloride anions also increased the rate for the conversion of 2 but, rather 

surprisingly, produced a remarkable decrease in the efficiency of the macrocyclization 

for 1a (Table 3.2, entry 5), leading mainly to the formation of polymeric species as 

was observed by 1H NMR (ESI Figure S3.8). Interestingly, this noteworthy negative 

effect of the chloride anion was also confirmed when the macrocyclization between 

1a and tetrakis(chloromethyl)benzene was studied, as only oligomeric compounds 

were again obtained. Alternatively, an excess of iodide anions also produced an 

increase in the rate but led to a slight decrease of the macrocyclization yield (Table 

3.2, entry 4). This indicates that the basicity of the anions leading to an increase in 

the nucleophilicity of the primary groups is not the primary reason responsible of the 

efficient macrocyclization and that bromide (and to a lower extent iodide) must play 

a specific role in the preorganization of the intermediate species leading to 

macrocycle formation. 

The role of other anions was also analysed, in particular considering that 

different anion topologies could lead to different macrocyclization products.14b In 

this regard, carboxylate anions like acetate or terephthalate were studied as potential 

templates but no significant effect was observed. In both cases, ca. 80% yields of the 
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[1 + 1] macrocycle were obtained after 3 h, highlighting that the formed bromide 

anion plays a key role in the process. As an analogue to the open-chain intermediate 

preceding the macrocyclization, the pseudopeptide 5a was prepared from 1a and 

bis(bromomethyl)benzene (Supporting Information, Scheme S3.1). The 1H NMR 

titration in CD3CN of 5a with Br-, I-, and Cl-, as their NEt4X salts, led to significant 

downfield shifts of the signals for the amine NH2, amide NH, C*H and benzylic 

protons. As expected, the higher Δδ values were observed for the amide protons, in 

particular for those closer to the aromatic ring (Supporting Information, Figure S3.9). 

For this amide signal, the maximum observed downfield shifts after addition of 16 

equiv of anion were Δδ (ΝΗ) = 1.02 (Cl-), 0.45 (Br-) and 0.10 ppm (I-). All Δδ 

values followed the order anticipated for the basicity of the corresponding anion, 

being rather small in the case of iodide. Thus, it was clear that although the reactivity 

of the amino groups can be related with the basicity of the anions, the selectivity in 

the macrocyclization is not associated with a stronger interaction with a given anion. 

Interestingly, in the sample from the titration with Cl-, the 1H NMR spectrum 

changed dramatically after 1 week, showing a significant broadening and splitting of 

most signals (Supporting Information, Figure S3.10), suggesting the formation of 

supramolecular aggregates involving 5a and the chloride anion. In good agreement 

with this, DOSY experiments revealed a significantly slower diffusion for the aged 

sample (Supporting Information, Figure S3.11). CD also provided interesting data. 

Figure 3.5 shows the CD spectra of 5a obtained in the absence and presence of 10 

equiv of the different anions. The CD spectra of 5a and 5a in the presence of chloride 

were similar, displaying a strong negative CD signal at 223 nm assigned to n-π 

transitions and a weak negative CD signal at 265 nm attributed to π-π transitions.25 

On the contrary, the CD spectra of 5a in the presence of bromide and iodide did not 

present the negative CD signal at 223 nm, but only the weak negative signal 

associated to the aromatic moiety at 270 nm. 
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Figure 3.5. Partial CD spectra of 5a (0.1 mM in CH3CN) in the absence and presence of 10 
equiv of different anions. 

The results obtained indicate a different preorganization of the intermediate 

during the macrocyclization process as a function of the interaction with the different 

anions. According to computational calculations, compound 5a (Supporting 

Information, Figure S3.12) presents a minimum energy conformer with the amide 

groups in antiparallel disposition, facilitating the formation of β-sheet-like aggregates, 

and justifying the presence of the strong negative CD-band at 223 nm.25 The addition 

of the most basic and more strongly interacting chloride anion seems to stabilize this 

antiparallel disposition of amide groups and the formation of aggregates, presenting 

some similarities to β-sheets. The use of the less coordinating and larger bromide and 

iodide anions can provide a fully different arrangement with the two amide fragments 

coordinated to the anions. The parallel disposition of the dipoles for the two amide 

fragments could explain the disappearance of the corresponding CD signal. If the 

same considerations are applied to the intermediates in the intramolecular 

macrocyclization process (Figure 3.6), it seems clear that the conformation developed 

through the interaction with bromide (and to a lesser extension iodide) is more 

appropriately preorganized for the macrocyclization than the one developed in the 

presence of chloride. Thus, bromide and iodide can act as appropriate 
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macrocyclization templates, whereas chloride acts as an inhibitor (antitemplate) for 

the same process. 

 

Figure 3.6. Proposed preorganization of the intermediates during the macrocyclization 
process in the presence of bromide or chloride template anions. R = H, 5a. R = CH2Br, 

macrocyclization intermediate. 

 

3.1.5. Conclusions 

The synthesis of a new family of conformationally constrained pseudopeptidic 

macrocyclic cyclophanes has been carried out in remarkable good yields in CH3CN 

using Cs2CO3 as the base. As evidenced from experimental results and computational 

calculations, the appearance of properly preorganized intermediates is facilitated by 

intramolecular H-bonding involving amide and amine functionalities, but also by the 

presence of the bromide anion that is generated in the process. The presence of 

anions provides a general kinetic effect, increasing the reactivity of the starting 

bis(aminoamide). However, a remarkable differential effect is observed according to 

the nature of the anion. Whereas bromide, and to a lower extent iodide, seems to act 

as an efficient template facilitating the [1 + 1] macrocyclization process, chloride 

plays an antitemplate role, hampering the corresponding cyclization and favouring 

oligomerization reactions. Our results indicate that the smaller size of the chloride 

anion and its higher basicity and coordinating capacity is at the origin of this 

behaviour. Whereas chloride can favour strong intermolecular associations of the 

open-chain intermediate through NHamide····Cl-····NHamide hydrogen bonds, the 
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larger size of the bromide and iodide anions allows establishing intramolecular 

NHamide····X-····NHamide hydrogen bonds that facilitate an appropriate folding of the 

intermediate for macrocyclization. 
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3.2. Supporting information 

 

Table S3.1. Macrocyclization yields obtained for the reaction between 1a (3 mM) and 2 (3 
mM).  

Entry Solvent Basea 
Temp.  

(ºC) 

Time 

(min) 

Yield 

 (%)b 

1 EtOH KOH 88 420 <25 

2 DMF KOH 160 60 <45 

3 CH3CN - 88 120 ca. 50 

4 CH3CN Et3N 93 60 - 

5 CH3CN Na2CO3 88 200 60 

6 CH3CN (NH4)2CO3 88 420 ca. 50 

7 CH3CN Cs2CO3 88 180 95 

a 6 equiv. b Determined by 1H NMR 

 

 

Figure S3.1. a) ESI-MS (+) of the crude of the reaction between 1a (3 mM) and 2 (3 mM) 
after 3 h. b) ESI MS/MS (+) of the peak at m/z 769.5 corresponding to [3a + 3a + H]+. 
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Figure S3.2. a) ESI-MS (+) of the crude of the reaction between 1d (3 mM) and 2 (3 mM) 
after 3 h. b) ESI MS/MS (+) of the peak at 853.9 m/z corresponding to a side-product of 
the reaction. c) ESI MS/MS (+) of the peak at 727.5 m/z corresponding to a second side-

product of the reaction. 

 

 

Figure S3.3. Partial 1H NMR (400 MHz) spectra of the crude after 3h of macrocyclization 
reactions at 90 ºC in acetonitrile from precursors 1a-e (3 mM) and 2 (3 mM). Arrows 

indicate the proton signals associated to the formation of side products. Deuterated solvent: 
CD3OD. 
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Figure S3.4. Minimum energy conformer calculated (MMFF level of theory using 
Spartan08) for the hypothetic intermediate of the reaction between 2 and 1,8-

diaminooctane. 

 

 

Figure S3.5. a) ESI-MS (+) competitive studies involving the reaction of 1a-e (3 mM each) 
and tetrakisbromomethylbenzene 2 (3 mM) in acetonitrile at 90 ºC. b) Relative intensity of 

the peaks corresponding to the desired [1+1] macrocycles 3a-e. 
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Figure S3.6. Kinetic profiles for the conversion of tetrakisbromomethylbenzene 2 (as 
followed by HPLC) in the absence (black) and presence (red) of added bromide (10 equiv. 

as its tetraethylammonium salt) in the reaction with 1a a), 1d b) and 1e c). Conditions: 
Acetonitrile, 90 ºC, 3mM concentration. 

 

 

Figure S3.7. 1H NMR titration (NHamide signal) of 1a (7mM) with tetrabutylammonium 
bromide in CD3CN. 
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Figure S3.8. Partial 1H NMR spectrum (DMSO-d6) of the crude of the reaction in 
acetonitrile (90 ºC) between 1a (3 mM) and 2 (3 mM) in the presence of 10 equiv. of Cl-. 

 

 

 

 

 

 

Scheme S3.1. Synthesis of 5a as a model for the open chain intermediates in the 
macrocyclization reactions. 
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Figure S3.9. Plots of  against concentration for the titration of 5a (7 mM) with different 
anions in CD3CN. a) NEt4Cl, b) NEt4Br and c) NEt4I. 
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Figure S3.10. a) 1H NMR (500 MHz) spectrum of the initial mixture of 5a (7 mM in 
CD3CN) with 10 equiv. of NEt4Cl. b) 1H NMR (500 MHz) spectrum of the same sample 

after one weak.  

 

 

Figure S3.11. Partial DOSY spectrum (0.4 – 1.2 ppm range) of 5a + Cl- after initial mixing 
(green) and after 7 days (red).  
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Figure S3.12. Minimum energy conformer (MMFF, Spartan08) for 5a highlighting the 
detected hydrogen bonds. 

 

 

 

 
Figure S3.13. Thermal ellipsoid plot for the crystal structure of 3a. Ellipsoids at 50% of 

probability. 
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Figure S3.14. Thermal ellipsoid plot for the crystal structure of 3b. Ellipsoids at 50% of 

probability. 

 

 

 

 
Figure S3.15. Thermal ellipsoid plot for the crystal structure of 3e. Ellipsoids at 50% of 

probability. 
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Figure S3.16. Amide bond planes found in the crystal structures of a) 3a, b) 3b and c) 3e. 

 

 

Figure S3.17. Partially resolved molecular structure of the macrocycle 3d. Hydrogens and 
solvent molecules have been removed for clarity. Ellipsoids at 50% of probability. 

 

 

Figure S3.18. Hydrogen bonding networks in the formation of columnar stacks for a) 3a, 
b) 3b and c) 3e. 
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Figure S3.19. Packing observed in the crystal structures of 3a highlighting the observed 
hydrophobic intermolecular interactions. 

 

 

Figure S3.20. Packing observed in the crystal structures of 3b highlighting the observed 
hydrophobic intermolecular interactions. 
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Figure S3.21. Packing observed in the crystal structures of 3e highlighting the observed 
hydrophobic intermolecular interactions. 

 

3e
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Figure S3.22. a) 1H NMR (400 MHz, CD3OD); b) 13C{1H} NMR (100 MHz, CD3OD) and 
c) HRMS (ESI/Q-TOF, CH3OH) of 3a. 
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Figure S3.23. a) 1H NMR (400 MHz, CD3OD); b) 13C{1H} NMR (100 MHz, CD3OD) and 
c) HRMS (ESI/Q-TOF, CH3OH) of 3b. 
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Figure S3.24. a) 1H NMR (400 MHz, CD3OD); b) 13C{1H} NMR (100 MHz, CD3OD) and 
c) HRMS (ESI/Q-TOF, CH3OH) of 3c. 
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Figure S3.25. a) 1H NMR (400 MHz, CD3OD); b) 13C{1H} NMR (100 MHz, CD3OD) and 
c) HRMS (ESI/Q-TOF, CH3OH) of 3d. 
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Figure S3.26. a) 1H NMR (400 MHz, CD3OD); b) 13C{1H} NMR (100 MHz, CD3OD) and 
c) HRMS (ESI/Q-TOF, CH3OH) of 3e. 
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Figure S3.27. a) 1H NMR (400 MHz, CD3CN); b) 13C{1H} NMR (100 MHz, CD3CN) and 
c) HRMS (ESI/Q-TOF, CH3OH) of 5a. 
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4.1. Main text 

4.1.1. Abstract 

Herein we report our efforts to develop a continuous flow methodology for the 

efficient preparation of pseudopeptidic macrocyclic compounds containing the 

hexahydropyrrolo-[3,4-f]-isoindolocyclophane scaffold and involving four coupled 

substitution reactions in the macrocyclization process. Appropriate design of a 

supported base permitted the continuous production of the macrocycles even at large 

scales, taking advantage of the positive template effect promoted by the bromide 

anions. In addition, the use of flow protocols allowed a ca. 20-fold increase in 

productivity as well as reducing the environmental impact almost 2 orders of 

magnitude, in comparison with the related batch macrocyclization process. 

 

4.1.2. Introduction 

Success in the synthesis of macrocyclic structures with good yields involves a 

delicate balance of kinetic and thermodynamic factors.1 The most usual approach to 

the preparation of macrocyclic structures is based on kinetically favouring 

intramolecular versus intermolecular reactions. According to their different kinetic 

laws, this can be achieved by modifying the relative concentrations of the active 

species. Thus, the use of high-dilution conditions is often required to favour the 

macrocyclization process.2 In some cases, the prevalence of an appropriate 

conformation of the immediate precursor, providing a favourable preorganization 

for the macrocyclization step, can be an essential factor for the process to be high 

yielding.3 Alternatively, the proper conformation can be induced by the presence of 

a second species (template).4 A supramolecular preorganization event, as induced by 

a template, incorporates molecular information from the guest to the formed 

supramolecular species. But even in systems and approaches where the structural or 

induced conformations of the open-chain precursors favour the macrocyclization 

reaction, the effect of reaction conditions are still critical for success. The well-

documented application of small-scale flow reactors has often proved to offer 
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considerable advantages over batch reactor designs in synthetic processes.5 

Continuous flow reactions permit very efficient heat transfer and, therefore, good 

control of the reaction temperature, avoiding the problems associated with highly 

exothermic reactions. Mass transfer is also enhanced due to the lower reaction 

volume and increased contact area, and the use of dangerous or air- and moisture-

sensitive compounds can be facilitated by the sealed reactors.6 Optimization of 

reaction conditions is eased by an appropriate control of the residence time, and the 

scale-up can be achieved by simply pumping, mixing, and quenching the reagents 

continuously through the reactor for longer periods of time.7 Thus, this approach 

allows a shortening of the time from research to development and production.8 

Macrocyclization processes under continuous flow conditions is a seldom explored 

field of research. There are, however, a few precedents in the literature highlighting 

the opportunities provided by continuous flow processes for the synthesis of 

macrocycles.9 In general, the macrocyclizations considered took place through either 

intermolecular or intramolecular bond formation enabled by transition metal 

catalysts. Hence, carbon−carbon bond forming macrocyclizations have been 

achieved by a Glaser−Hay coupling,10 or by an azide−acetylene cycloaddition 

reaction at high temperature, which did not proceed under batch conditions.11 In the 

case of intermolecular macrocyclizations, different chiral and achiral pyridino-18-

crown-6 ethers were synthesized by alkylation of various alcohols in the presence of 

pyridine diiodides in a continuous-flow Williamson type synthesis using KOH as the 

base in a packed bed reactor. This provided a cheaper and less dangerous method 

with higher yields and in shorter times than the ones reported using NaH as a base 

in batch conditions.12 

In a similar manner, the use of a K2CO3 packed bed reactor enabled the 

preparation in high yields and high purities of C2-symmetric chiral PyBox. The 

macrocyclization reaction relied on amide formation of chlorinated chelidamic acids 

in the presence of different amino alcohols, and the results obtained by flow 

processes were not attainable under batch conditions.13 Continuous flow 

methodologies have also been applied for the preparation of cage molecules via a 3-
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fold homocoupling macrocyclization reaction or by dynamic covalent imine forming 

reactions.14,15 These reduced number of precedents suggest that continuous flow 

methodologies pave the way to develop more efficient macrocyclization reactions. 

The success of this underexploited approach is based on the precise control of 

reagent concentration via static mixers, the use of supported reagents and catalysts, 

and the superior heat and mass transfer only achievable under flow conditions. As 

such our efforts have been devoted to developing a continuous flow methodology 

for the preparation of constrained macrocyclic pseudopeptides. 

 

4.1.3. Experimental section 

General. 

NMR experiments were carried out at 400 or 300 MHz for 1H and 100 or 75 

MHz for 13C. Chemical shifts are reported in ppm from tetramethylsilane using the 

solvent resonance as the internal standard. FT-IR spectra were recorded using an 

ATR adapter. HRMS were recorded with a Q-TOF instrument. Optical rotation was 

determined with a digital polarimeter (Na: 589 nm). Melting points were measured 

using a standard apparatus and are uncorrected. Unless otherwise stated, all reagents 

were commercially available and not purified before use. The pseudopeptidic reagent 

2 was prepared following literature procedures.23 

General procedure for synthesis of compound 1b. 

The aromatic reagent 1b was obtained according to literature procedures 

(Scheme S2).21 The overall yield for the reaction was 22% (3.765 g). Characterisation: 

IR (ATR) 2960, 1434, 1274, 1020, 632 cm−1; 1H NMR (400 MHz, CDCl3) δ 4.76 (s, 

8H), 4.16 (t, J = 6.6 Hz, 4H), 1.89−1.94 (m, 4H), 1.58−1.62 (m, 4H), 1.05 (t, J = 7.4 

Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3) δ 153.8, 133.4, 75.1, 32.5, 23.4, 19.3, 

14.1. The structure of the compound was confirmed by single crystal X-ray 

diffraction (Figure S4.10: see also Table S4.1 in Supplemental CD). CCDC number: 

2084454. 
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General procedure for synthesis of compound 4. 

The macroporous Merrifield resin (5.00 g, 5.5 mmol Cl/g, 27.5 mmol of Cl) was 

introduced in a round-bottom flask (50 mL). DMF (10 mL) and diethylamine (17.1 

mL, 165 mmol) were then added, and the mixture was heated at 80 °C on a heating 

mantle with gentle stirring overnight. The reaction crude was filtered off under a 

vacuum and the resin was washed with DMF (3×), MeOH (3×), and CH2Cl2 (3×). 

After vacuum drying at 50 °C for 5 h, 5.71 g of resin were obtained (95%, 26.1 mmol 

of amine). Characterisation: absence of C−Cl band (1264 cm−1) in the FT-IR 

spectrum (Figure S4.11); the full absence of C−Cl bonds was also confirmed by a 

negative NBP test (Figure S4.12);24 Calcd %N for full conversion 6.4%; Exp. 6.6%. 

TGA decomposition temperature >350 °C. 

General procedure for synthesis of compound 5. 

Resin 4 (1.5 g, 6.9 mmol) was introduced in a round-bottom flask (25 mL). DMF 

(4 mL) and n-bromobutane (3.0 mL, 27.6 mmol) were added and the mixture was 

heated at 80 °C on a heating mantle with gentle stirring overnight. The reaction crude 

was filtered off under a vacuum and the resin was washed with DMF (3×), MeOH 

(3×), and CH2Cl2 (3×). After vacuum drying at 50 °C for 12 h, 2.74 g of resin were 

obtained (97%, 26.1 mmol of ammonium salt). Characterisation: appearance of a 

broad band at 2800−2200 cm−1, representative of ammonium salts (Figure S4.13); 

negative NBP test (Figure S4.14);24 Calcd %N for full conversion 4.1%, Exp. 4.4%. 

TGA decomposition temperature >200 °C. 

Batch syntheses. 

Synthesis of 3a using Cs2CO3 as the base. Pseudopeptide 2 (132 mg, 0.512 mmol) 

and 1a (242 mg, 0.512 mmol) were dissolved in acetonitrile (255 mL), and Cs2CO3 

(1000 mg, 3.069 mmol, 6 equiv) was added. The reaction mixture was refluxed on a 

heating mantle with magnetic stirring for 3 h, and then the solvent was evaporated 

under a vacuum. The resulting residue was treated with distilled water, centrifuging 
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the final suspension at 3000 rpm for 8 min to afford pure 3a as a solid. Yield: 167 

mg (0.434 mmol, 85%). For complete characterisation see ref 16. 

Synthesis of 3a using 4 as the base. Pseudopeptide 2 (197 mg, 0.765 mmol) and 1a 

(362 mg, 0.765 mmol) were dissolved in acetonitrile (383 mL), and the supported 

base 4 (1000 mg, 4.588 mmol, 6 equiv) was added. The reaction mixture was refluxed 

on a heating mantle with gentle magnetic stirring for 2.5 h, and then the basic resin 

was filtered off. The resulting residue was evaporated under a vacuum to yield pure 

3a as a yellowish solid. Yield: 241 mg (0.627 mmol, 82%).  

Synthesis of 3b using Cs2CO3 as the base. Pseudopeptide 2 (132 mg, 0.512 mmol) 

and 1b (304 mg, 0.512 mmol) were dissolved in acetonitrile (255 mL), and Cs2CO3 

(1000 mg, 3.069 mmol, 6 equiv) was added. The reaction mixture was refluxed on a 

heating mantle with magnetic stirring for 6 h, and then the solvent was evaporated 

under a vacuum. The resulting residue was treated with distilled water, centrifuging 

the final suspension at 3000 rpm for 8 min, and the resultant solid was purified by 

flash chromatography using MeOH:CH2Cl2 as the eluent. Yield: 8 mg (0.015 mmol, 

3%). Characterisation: [α]D
25 +9.6° (c = 0.1, MeOH); IR (ATR) 3310, 1645, 1523, 

1290, 1239 cm−1; 1H NMR (400 MHz, CDCl3) δ 5.71 (s, 1H), 4.34 (d, J = 15.1 Hz, 

1H), 4.21 (d, J = 14.5 Hz, 1H), 3.95 (d, J = 15.3 Hz, 1H), 3.81−3.91 (m, 3H), 

3.24−3.21 (m, 1H) 3.13−3.10 (m, 1H), 2.36 (d, J = 10.0 Hz, 1H), 2.06−2.11 (m, 1H), 

1.61−1.65 (m, 2H), 1.43−1.45 (m, 2H), 1.09 (d, J = 6.7 Hz, 3H), 0.95 (t, J = 7.3 Hz, 

3H), 0.79 (d, J = 6.5 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3) δ 173.2, 145.9, 

134.2, 133.4, 72.6, 59.7, 52.9, 41.1, 32.3, 30.6, 20.0, 19.7, 19.3, 14.0; HRMS (ESI/Q-

TOF) m/z [M + H]+ calcd for C30H48N4O4, 529.3754, found 529.3752. 

Synthesis of 3b using 4 as the base. Pseudopeptide 2 (197 mg, 0.765 mmol) and 1b 

(454 mg, 0.765 mmol) were dissolved in acetonitrile (383 mL), and the supported 

base 4 (1000 mg, 4.588 mmol, 6 equiv) was added. The reaction mixture was refluxed 

on a heating mantle with gentle magnetic stirring for 6 h, and then the basic resin was 

filtered off. The resulting residue was evaporated under a vacuum, and the resulting 
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solid was purified by flash chromatography using MeOH:CH2Cl2 as the eluent 

(Tables S4.2 and S4.3 in Supplemental CD). Yield: 12 mg (0.023 mmol, 3%).  

Synthesis of 6 using 4 as the base. Pseudopeptidic intermediate 6 could be isolated 

and fully characterised from the chromatographic protocol of the reaction between 

2 and 1b. Characterisation: [α]D
25 −6.8° (c = 0.1, MeOH); IR (ATR) 3298, 1636, 1542, 

1262, 653 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.18 (s, 1H), 4.74−4.83 (m, 2H), 

4.15−4.17 (m, 1H), 3.84−3.86 (m, 1H), 3.66−3.72 (m, 2H), 3.35−3.37 (m, 1H), 3.00 

(d, J = 4.7 Hz, 1H), 1.82−1.84 (m, 2H), 1.53−1.59 (m, 2H), 1.04 (d+t, J = 6.6, 5.7 

Hz, 6H), 0.93 (d, J = 6.8 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3) δ 173.6, 154.0, 

134.5, 132.0, 75.5, 71.8, 46.1, 32.7, 31.7, 23.9, 19.9, 19.4, 18.6, 14.1; HRMS (ESI/Q-

TOF) m/z [M + H]+ calcd for C30H50Br2N4O4, 689.2277, found 689.2286. 

Kinetic profiles. 

Each reaction was performed in a twin-neck round-bottom flask on a heating 

mantle. Different aliquots were withdrawn from the flask at the desired times and 

injected in a HPLC instrument in order to determine the conversion of the aromatic 

reagent 1a or 1b, with the appropriate calibrates 

Flow equipment. 

Syringe pumps from kdScientific and Hamilton 25 mL syringes were used. Glass 

Omnifit columns with variable length and an internal diameter of 0.7854 cm were 

used as the reactor. For the scale-up experiment, an ISMATEC-REGLO Digital 

peristaltic pump was used to pump the reagents with a total flow of 1160 μL/min. 

The reactor could be kept at 80 °C by recirculating water with a Julabo F-83 

instrument. 

Flow optimization. 

Stock solutions (4 mM) of the different reagents were accurately prepared in 

500 mL volumetric flasks. These solutions were separately introduced in the system 

with two syringe pumps and were mixed before the reactor with a T-shaped piece. 
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The resultant 2 mM reaction mixture was run through an Omnifit (006RG-10-10) 

column packed with 1000 mg of 4, resulting in a 2.16 mL basic reactor. This column 

was immersed in a 500 mL beaker and thermostatted with water at 80 °C (Figure 

S4.15). Adjusting the flows provided by the syringe pumps, the effect of the residence 

time could be elucidated. All the residence times were determined with the 

breakthrough of compounds. The final solutions were injected in the HPLC 

instrument to determine the effectiveness of the reaction. 

Flow-distillation methodology. 

A distillation setup was easily connected to the flow system described in the 

“Flow optimization” section. The tubing at the exit of the reactor was introduced 

into a 100 mL twin-neck round-bottom flask through one of the necks of the flask. 

A distillation setup was mounted in the other neck of the flask, allowing the solvent 

to be recovered in a separate flask, and reused for the preparation of new stock 

solutions (Figure S4.16). The temperature of the distillation flask on a heating mantle 

was set at 95 °C, so the distillation temperature was stabilized at 81 °C to yield pure 

acetonitrile in almost a stationary regime. For 1a, at the end of the process, crystals 

of pure 3a were recovered from the distillation flask. In the case of 1b, the resultant 

brownish solid residue of the distillation was purified by flash chromatography to 

afford pure 3b. 

Flow syntheses. 

Flow Synthesis of 3a. The solutions of 1a and 2 in acetonitrile (4 mM) were 

pumped through an Omnifit (006RG-10- 10) column packed with 1000 mg of 4 for 

10 h. This column was immersed in a 500 mL beaker with water at 80 °C. The 

residence time was set to 10.7 min by adjusting the total flow to 200 μL/min. While 

the solvent outcoming from the reactor was being distilled, the formation of crystals 

could be observed at the bottom of the distillation flask. After recovering and drying 

off the crystals, pure 3a was obtained (63 mg, 69% yield, 0.165 mmol). With this 

system, 85% of the acetonitrile pumped through the system was recovered. 
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Flow Synthesis of 3b. The solutions of 1b and 2 in acetonitrile (4 mM) were 

pumped through an Omnifit (006RG-10-10) column packed with 1000 mg of 4 for 

10 h. This column was immersed in a 500 mL beaker with water at 80 °C. The 

residence time was set to 10.7 min, by adjusting the total flow to 200 μL/min. After 

10 h, the resultant brownish solid was purified by flash chromatography, using 

MeOH:CH2Cl2 as eluent to yield 3b as a white solid (Tables S4.4 and S4.5 in 

Supplemental CD). Yield: 24 mg (0.045 mmol, 19%). 

Scaled-up Flow Synthesis of 3a. The solutions of 1a and 2 in acetonitrile (4 mM) 

were pumped through an Omnifit (006EZ-10-33- AF) column packed with 6000 mg 

of 4 for 17 h. The reactor was kept at 80 °C by recirculation of water around the 

reactor (Figure S4.17). The residence time was set to 10.7 min, by adjusting the total 

flow to 1160 μL/min. The resulting residue was evaporated under a vacuum to yield 

pure 3a as a yellowish solid (891 mg, 2.319 mmol, 98% yield). 

Crystal structures. 

Single crystals suitable for X-ray crystallography were obtained by slow 

evaporation of an acetonitrile solution of 1b. A suitable crystal was selected and 

mounted on a SuperNova, Dual, Cu at zero, Atlas diffractometer. The structure was 

solved with the SHELXT 2014/525 structure solution program and refined with the 

SHELXL-2018/326 refinement package. Artwork representations were processed 

using MERCURY27 software. 

 

4.1.4. Results and discussion 

We have recently reported a highly selective anion-templated synthesis of a 

conformationally constrained pseudopeptidic macrocyclic cyclophane (3a).16 The 

optimal preorganization of the reagents and the intermediate, together with the 

positive template effect of the bromide anion, provided an efficient macrocyclization 

reaction with excellent yield and selectivity (higher than 95%) in CH3CN using 

Cs2CO3 as the base. This macrocyclic system can act as an efficient organocatalyst 
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for the conversion of CO2 under relatively mild conditions.17 In an attempt to 

develop new structures of this family, the synthesis of 3b was attempted under batch 

conditions, although unsuccessfully. Most likely, the lower macrocyclization 

efficiency attained when using 1b is the result of the steric hindrance provided by the 

additional groups on the aromatic scaffold. In the search of alternative approaches 

and to provide an easier scale-up for the synthesis of these pseudopeptidic 

macrocyclic cyclophanes (3), the use of flow chemistry was considered. 

Although the use of packed bed reactors using inorganic bases has been 

formerly reported,12,13 the partial solubility of Cs2CO3 in CH3CN hampered this 

approximation, as some leaching could not be avoided. Thus, to develop this 

macrocyclization under continuous-flow, the design of an appropriate immobilized 

base to substitute the Cs2CO3 was envisaged. Among the different solid supported 

bases,18 the polymer immobilized tertiary amine 4 was selected as it was easily 

obtained by modification of a Merrifield resin (chloromethyl polystyrene-

divinylbenzene macroporous resin, 5.5 mmol Cl/g nominal loading) with 

diethylamine (see Scheme S4.1 and Figures S4.11 and S4.12 for the synthesis and 

characterisation of 4). The efficiency of this supported base was initially evaluated in 

the macrocyclization reaction between 2 and 1a under batch conditions (Scheme 4.1) 

in the presence of 4 instead of Cs2CO3 (6 equiv in both cases).  

 

Scheme 4.1. Macrocyclization reaction between 1a-b and 2. i) 3 h, 80 ºC, 6 equivalents of 
base in CH3CN, 2 mM. 

After 3 h of reaction, the crude was filtered off and the solvent was removed 

under a vacuum, affording pure 3a in 82% isolated yield. The supported base was 

straightforwardly recovered from the reaction crude and analysed by IR 
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spectroscopy. The FT-IR-ATR spectrum of the used base showed the appearance of 

a broad band at 2800−2400 cm−1 corresponding to the formation of ammonium salts 

(Figure S4.1).19 The reactivation of the protonated resin could be attained by simply 

washing the resin with a 0.5 M KOH methanolic solution, observing the 

disappearance of the ammonium broad bands in the IR spectrum (Figure S4.1). The 

base could be used again in the macrocyclization reaction for 15 runs without any 

decrease in the efficiency. These initial results support the use of 4 as suitable 

replacement of Cs2CO3. Indeed, when the kinetic profiles of the reaction in the 

presence of 4 or Cs2CO3 were compared, a slightly faster profile was obtained using 

4 instead of Cs2CO3, reaching NMR yields higher than 90% in 2 h (Figure S4.2). 

Once the efficiency of 4 as a supported base was proved for the 

macrocyclization under batch conditions, its behaviour under continuous-flow 

conditions was evaluated. The experimental setup is shown in Figure 4.1 (see also 

Figure S4.15).  

 

Figure 4.1. Schematic representation of the flow set-up for the continuous flow 

macrocyclization. Solution A: 1, 4 mM in CH3CN. Solution B: 2, 4 mM in CH3CN. Infusion 

pumps were generally used for the experiments. Peristaltic pumps were used for scale-up 

experiments. 

4 mM 4 mM

2 mM

1a R = H
1b R = O-(CH2)3-CH3

3a R = H
3b R = O-(CH2)3-CH3

2

Peristaltic pump/
Infusion pump

Packed bed
reactor
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The two reagents (4 mM solutions in CH3CN) were pumped separately 

(solutions A and B) and mixed before entering the packed bed reactor. Noteworthy, 

if both reagents were mixed before pumping, part of the initial bis(aminoamide) 2 

acted as the base. This led to the formation of the desired macrocycle but also to the 

precipitation of corresponding dishydrobromide salt of 2 with the blockage of the 

flow reactor. It should also be pointed out that a higher concentration of the reagents 

reduced the efficacy of the macrocyclization and led to precipitation of the final 

macrocycle. Thus, the final concentration at the mixing point was fixed to 2 mM in 

CH3CN. 

The reaction mixture was pumped through a packed bed reactor loaded with 

the supported base 4 (4.7 mmol amine/g) at different flow rates while heated at 80 

°C. Table 4.1 illustrates the results obtained. The use of a 1000 μL/min flow rate 

(entry 1, Table 4.1) led to promising NMR yields of 69% with only 2.1 min of 

residence time, demonstrating the suitability of the reaction setup to convert the 

reagents into the desired macrocycle. The increase in residence time from 2.1 to 10.7 

min by reducing the total flow rate from 1000 to 400 μL/min (entries 1 to 3, Table 

4.1) resulted in progressive increments of the NMR yields of the desired [1 + 1] cyclic 

pseudopeptide 3a.  

Table 4.1. Optimization for the Macrocyclization between 1a and 2 under flow conditions.a 

Entry 
Total flow 

(μl/min)b 

Residence time 

(min) 

Yield 

(%)c 

1 1000 2.1 69 

2 700 3.1 79 

3 400 5.4 91 

4 200 10.7 99 
a All the experiments were carried out for 1 gram of basic resin 4. Column volume: 2.16 mL. 
b Total flow rate corresponds to equal flow rates of each reagent to maintain a ratio of 1:1. c 
1H NMR yields. Yields calculated for aliquots taken after pumping a volume of reagents equal 
to at least three times the packed void volume of the reactor. 

To our delight, a 99% NMR yield was attained for a total flow of 200 μL/min 

using a reactor of only 2.16 mL (entry 4 in Table 4.1). This result is outstanding as 
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under batch conditions, reaction times of ca. 2 h are required to achieve a similar 

yield.  

To assess the macrocyclization efficiency under batch and flow conditions, the 

volumetric productivity per gram of base for both systems was calculated considering 

the yields of the isolated product (see Experimental Section for details). Remarkably, 

comparing the productivity of the flow-based process (4.303 g3a/gbase·L·h) with the 

ones obtained in batch conditions using either Cs2CO3 (0.216 g3a/gbase·L·h) or the 

supported base 4 (0.252 g3a/gbase·L·h) indicated an almost 20- time increase on 

productivity in favour of the flow process (Figure 4.2). 

 

Figure 4.2. Productivities obtained using acetonitrile as solvent (2 mM final concentrations 
of 1a and 2) at 80 °C. Batch conditions: caesium carbonate (light blue), 4 (blue); flow 

conditions with 4 (green). Reaction times: 10.7 min for flow conditions, 2.5 h for batch 
conditions using 4, and 3 h for batch conditions using Cs2CO3. 

This enhancement on the reaction productivity is likely to be related with the 

higher local concentration of the base in the flow setup. For instance, in the reactor 

of 2.16 mL, at a flow rate of 200 μL/min, an instant ratio of 1300 mol of base/mol 

of 2 can be achieved, while in the batch process the ratio was fixed to 6 mol of 

base/mol of 2. A second possible effect can be attributed to the formation of the 

corresponding supported salt bromide (R3NHBr) during the process. This salt can 

play a double role, as previously demonstrated for this macrocyclization.16 The 
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bromide anion acts as an efficient template facilitating the [1 + 1] macrocyclization 

process. The strong intramolecular associations of the open-chain intermediate 

through NHamide···Br−··· NHamide hydrogen bonds provide its appropriate folding 

favouring macrocyclization and thus hampering oligomerization reactions. 

Additionally, the bromide salt can enhance the kinetics of the macrocyclization by 

increasing the nucleophilic character of the terminal amino groups of 2. 

To analyse the effects of the supported base and its conjugated acid formed 

during the reaction, the macrocyclization process was studied at moderate yields of 

3a. Figure 4.3 shows the evolution of reaction profile in terms of yield of 3a vs the 

time on stream (TOS) obtained by pumping the reagents (total flow = 400 μL/min) 

through a packed bed reactor of 0.87 mL (packed void volume; residence time = 2.2 

min). The results showed that at early times on stream the reaction achieves an NMR 

yield of ca. 70%. The high excess of the base in comparison with the pseudopeptide 

2 is likely to contribute to this good yield in a short contact time (2.2 min). As the 

time on stream increases, the basic supported reagent is consumed and transformed 

into its corresponding conjugated acid. Thus, a steady decrease in activity after a 

certain time on stream should be expected. However, a significant increase on the 

NMR yield was observed during the first 7 h of continuous production of macrocycle 

3a, rendering a maximum value of 81% after 450 min on the stream. This initial 

steady enhancement of the NMR yield with time can be attributed to the generation 

of the ammonium bromide salts, triggering the template-assisted macrocyclization.16 

It must be noted that this maximum represents the optimal ratio between the amount 

of base needed for the process to occur efficiently and the amount of bromide 

template favoring the macrocyclization. After this point, the amount of ammonium 

bromide continues increasing with the concomitant decrease in the amount of 

available base. This leads to a decrease in NMR yield. Such a decrease is initially slow, 

between 450 and 725 min, showing a slope similar but with opposite sign to the one 

observed from 0 to 450 min. Overall, during this first stage (0−725 min, orange in 

Figure 4.3) the system is quite efficient as the concentration of both participant 
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species, the base and the bromide salt, are kept sufficiently high as compared to that 

of the reagents pumped. 

 

Figure 4.3. Macrocyclization yield of 3a vs TOS. The ranges marked in yellow correspond 
to the loading of the reagents in the reactor and the reactivation process. The area 

highlighted in orange is assigned to the regime in which concentration of the NR3 / 
R3NHBr supported species are high enough. Time ranges in grey correspond to the 

deactivation of the supported base. The time range marked in pink corresponds to the 
macrocyclization after the reactivation of the basic resin, being comparable to the situation 
in the first (orange) stage Conditions: 400 μL/min (2 mM) for 2.2 minutes. Yields for 3a 

were determined by 1H NMR. 

After 750 min on stream, the concentration of the basic sites onto the support 

becomes too small, and the NMR yields suffer a more drastic decrease with time until 

reaching a value of only ca. 35% after 1500 min. At this point, the amount of reagents 

fed to the reactor corresponded to the theoretical value of base loaded. At this time, 

the flow of the reagents was stopped and 30 mL of a 0.5 M solution of KOH in 

methanol was pumped through the reactor at 1000 μL/min, allowing to fully recover 

the supported base (as previously corroborated in Figure S4.1). When the pumping 

of the reagents was restarted, similar yields to those initially observed were obtained 

(pink region in Figure 4.3).  

In the view of these results, and to prove the positive effect produced by the in-

situ generation of the bromide ammonium salt, a packed bed reactor was loaded with 

a polymer cocktail,20 containing an equimolar mixture of supported amine (4) and an 
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analogous supported bromide salt (5, Scheme S4.1). The macrocyclization was 

carried out under the same conditions reported above. The efficiency of the system, 

in terms of productivity, for the initial 150 min was constant and as high as the best 

obtained for the initial setup using only the supported base 4. After a certain period, 

the productivity of the system decayed in a similar way to that previously observed 

for the supported base 4 (Figure S4.3). These results confirmed that the presence of 

the supported bromide enhanced the efficiency of the macrocyclization reaction. 

Encouraged by these improvements, the continuous flow synthesis of an 

analogous pseudopeptidic macrocycle 3b was also evaluated. The macrocyclization 

reaction between 2 and 1b was more challenging due to the electronic and steric 

factors introduced by the presence of the butoxy groups. Compound 1b was obtained 

as reported in the literature with a 22% yield (Scheme S4.2).21 Indeed, under batch 

conditions, even when the macrocycle 3b could be isolated and fully characterised by 

spectroscopic techniques, only a poor isolated yield (3% of 3b) was obtained. The 

lower macrocyclic efficiency can be attributed to the poorer preorganization of the 

reaction intermediate 6 in which only one of the terminal amino groups of 2 had 

reacted with two adjacent bromomethyl groups of 1b (Scheme 4.2). This favours the 

intermolecular reactions instead of the intramolecular process, resulting in a wide 

range of oligomeric/ polymeric side products detected by MS, NMR, and flash 

chromatography (Figure 4.4 and Figure S4.4) with a poor selectivity toward the 

desired macrocycle (Table 4.2). 

 

Scheme 4.2. Macrocyclization reaction between 1b and 2. Reaction conditions: 3 h, 80 °C, 

6 equiv of 4 in CH3CN, 2 mM in 1b and 2. 
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Figure 4.4. Flash chromatograms (UV-wavelength: 220 nm) obtained for the purification 

of the crude of the macrocyclization reaction between 2 and 1b, using CH2Cl2 and MeOH 

as the eluents. The predominant component of each fraction has been highlighted. Peaks in 

green correspond to the desired [1 + 1] macrocycle 3b. a) Batch conditions. b) Continuous 

flow system. 

Clear evidence of the reduced macrocyclization efficiency for 3b was the 

detection and isolation in a ca. 5% yield of the open-chain [1 + 1] intermediate 6 

(Table 4.2 and Scheme 4.2). In the case of the cyclization between 1a and 2, the 

analogous intermediate could not be detected nor isolated, as the preorganization of 

the reagents and the template and catalytic effect of the bromide permitted the four 

substitution reactions to take place almost simultaneously.16 

When the reaction was performed following the same optimization protocol 

described for the synthesis of 3a under flow conditions, using 4 as supported base, a 

significant increase in the conversion of 1b was observed, as compared with the one 

attained under batch conditions (Figure S4.5). In fact, conversions above 95% were 

obtained using a flow rate of 200 μL/min, corresponding with a residence time of 

10.7 min, while the conversion under batch conditions was only 70% after 1 h. This 

remarkable acceleration of the reaction led to a reduced number of side products 

(Figure 4.4 and Table 4.2). Again, the higher actual concentration of base and the 
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presence of the bromide anions must contribute to this improved performance. The 

19% isolated yield obtained for 3b, under flow conditions, represents a ca. 6-time 

improvement in comparison with the yield obtained under batch conditions (3%). 

Table 4.2. Comparison of the product distribution obtained under batch and flow conditions 
for the reaction between 1b and 2.a 

Entry Product 
Product distribution (%) 

Batch Flow 

1 I [1+1] (6) 5 1 

2 I [1+2] 4 2 

3 M [1+1] (3b) 5 20 

4 I [2+1] 19 3 

5 M [2+2] 7 2 

6 O [3+2] 8 2 

7 Oligomers/Polymers 42 60 

8 Others 10 10 
a I = intermediate, M = macrocycle, O = oligomer. Numbers in brackets [n+m] correspond 
to the stoichiometric factor for 2 (n) and 1b (m); See Figure 4.4 for the identification of the 
different species. b Product distribution calculated after separation and purification by flash 
chromatogram using CH2Cl2 and MeOH as the eluents. Product distribution for the impure 
fractions has been calculated as their most abundant component identified by ESI-MS(+) 
and/or 1H NMR. Batch conditions: 3 h, 80 ºC, 6 equivalents of 4 in CH3CN, 2 mM in 1b and 
2. Flow conditions: total flow 200 μL/min, 80 ºC, CH3CN (2 mM final concentration), 
residence time: 10.7 min. 

This led to remarkable higher productivities. Whereas the productivity under 

batch conditions for the synthesis of 3b using 4 as supported base was 0.014 

g3b/gbase·L·h, it could be increased up to 1.126 g3b/gbase·L·h with the continuous flow 

methodology, corresponding to a ca. 80-time increase. These results highlight how 

the continuous flow processes can be exploited for enhancing the yield, selectivity, 

and productivity of the macrocyclization reactions in comparison with the reaction 

under batch conditions. 

The continuous flow process also provided significant advantages for the simple 

production of the macrocycle at the gram scale. When a 3-time scale-up of the 

macrocyclization under batch conditions was assayed, a reduction of the isolated yield 
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of 3a from 85% to 43% was observed. However, under flow conditions, using a 

reactor of 12.4 mL loaded with 6 g of the supported base 4 and a total flow (provided 

by a peristaltic pump) of 1160 μL/min for 17 h, it was possible to synthesize up to 

0.891 g of 3a, corresponding with a 98% isolated yield (see Experimental Section for 

additional details).  

The continuous flow macrocyclization process enabled by the supported base 

opens the possibility to integrate, in a single process, the synthesis of the macrocycle, 

its purification, and the separation and reuse of the solvent used in excess. This 

integration may contribute to increase the sustainability of the process even when 

high-dilution conditions are used. With this idea in mind, the continuous flow system 

was coupled with a distillation setup (Figure 4.5). 

 

Figure 4.5. Integration into the flow process of a distillation-crystallization set-up for the 
synthesis of constrained pseudopeptidic macrocycles. The amount of acetonitrile recovered 

(up to 85%) was used to form the subsequent reagent solutions. 

This simple setup allowed to obtain a stationary stream of high purity recovered 

solvent (Figure S4.6). The average distillation flow of the distillation stream was of 

198 μL/min, in good agreement with the macrocyclization flow input (200 μL/min). 

The total recovery over the time on stream reached up to 85% as some solvent 

remained on the distillation device. Additionally, the continuous distillation of the 

solvent afforded a continuous increase in the concentration of the macrocycle in the 

final solution. This resulted in the formation of crystals in the distillation flask 

Distillation-crystallization
setup

ACN
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(Figures S4.7 and S4.8). The chemical composition of the crystals was determined by 

NMR and IR analyses, indicating that the only product formed was 3a with a 69% 

isolated yield (Figure S4.9). 

Inspired by former environmental metrics,22,28 a simple and new metric that 

simultaneously accounts for the macrocyclization efficiency in terms of productivity 

and waste generated during the synthesis and isolation of the macrocycles can be 

defined. The Macrocyclization Environmental Impact (MEI) can be calculated by 

Equation 4.1, with the higher the value obtained, the higher the environmental 

impact of the process. 

 

MEI = E-Factor / Productivity    (gwaste x L x h / gmacrocycle
2)    (Eq. 4.1) 

 

In this equation the amount of waste should include the residues generated in 

both the synthesis and the isolation of the macrocycle. The productivity will be the 

grams of products obtained divided by the reactor volume (L) and time (h). As 

evidenced by the equation, the ideal scenario would be to have a macrocyclization 

with low E-Factor and high productivity, yielding modest MEI values. 

In general, the higher is the amount of waste generated per gram of macrocycle 

the higher the MEI value would be, emphasizing the need to decrease the waste 

produced. This is of major importance in macrocyclizations, where large amounts of 

solvent waste are generated due to the low concentrations required and to the tedious 

purification protocols generally involved. Hence, the cost and CO2 footprint 

associated with purchasing, evaporating, and disposing such additional volume of 

solvent is indirectly considered, as well as the larger equipment and safety issues 

related with its handling. Another drawback of employing high-dilution conditions is 

the prolonged reaction times often needed for attaining high macrocyclization yields, 

significantly reducing the productivity for the whole process. In the light of these 

considerations, the MEI score must take into account the dilution and time 
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requirements to achieve the optimised yield, with the higher these parameters are, the 

lower the macrocyclization efficiency, and, therefore, the higher the score of the 

MEI. 

In order to validate the applicability of the proposed metric, we evaluated the 

environmental implications for the different approaches discussed in this chapter 

(Table 4.3). For instance, a remarkable decrease of 1 order of magnitude for the E-

Factor was observed when comparing the batch and flow syntheses of 3a (see entries 

1−3 in Table 4.3), illustrating the advantages of flow-integrated synthesis and 

isolation. In a similar trend, the coupled flow synthesis-isolation for 3b resulted in a 

much lower environmental impact for the macrocyclization (entries 5 and 6, Table 

4.3).  

Table 4.3. Summary of the macrocyclization efficiencies in terms of productivity and E-
Factor obtained for macrocycles 3a and 3b.a 

Entry Comp. Meth. 
Yield 
(%) 

Productivity 
(gp/L·h) 

E-Factor 
MEI 

(gw·L·h/gp) 

1 

3a 

Batch 82 0.252 1033 4099 

2 Flow 98 4.303 1030 239 

3 Flowa 69 2.977 155 52 

4 

3b 

Batch 3 0.014 371209 26514929 

5 Batch 3 0.014 1033b 73786 

6 Flowa 19 1.126 155b 138 

a Including reaction, purification or crystallisation, and solvent recovery. b The waste 
generated during the chromatographic purification has not been considered in the waste 
calculation. Reaction conditions: 80 ºC, 6 equivalents of 4 in CH3CN, 2 mM in 1b and 2. 

One may realize that E-Factor values did not allow for distinction between the 

results in entries 1, 2, and 5. In such cases, the MEI scores fostered valuable 

information. The much lower MEI values obtained in the flow synthesis of 3a 

compared with the values for the batch syntheses of 3a and 3b permits easy 

classification of the most damaging macrocyclization. These MEI scores (entry 5 > 

entry 1 > entry 2) are in good accordance with the productivity trend, with a 

difference of more than 2 orders of magnitude between the extreme scenarios. In 
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addition, results presented in entries 1, 4, and 5 (Table 4.3) reveal the drastic 

environmental implications related with chromatographic protocols. These 

preliminary results highlight the paramount role of designing novel techniques for 

increasing the macrocyclization efficiency and selectivity. 

 

4.1.5. Conclusions 

The present results highlight that conducting macrocyclizations in continuous 

flow can offer several important advantages. This has been illustrated for the flow 

syntheses of constrained pseudopeptidic macrocycles. The higher productivity and 

lower environmental impact obtained under flow conditions can be correlated with 

the more efficient template effect within the packed bed reactor, and with the 

integration of the isolation and solvent reuse in a simple setup. To the best of our 

knowledge, this is the first system reported up to date integrating macrocyclization, 

crystallization with high quality crystals, and solvent recovery under flow conditions. 

These continuous-flow macrocyclizations can be easily scaled-up by simply pumping 

the reaction mixture continuously through the reactor for a given period of time. 

Besides, we have postulated a simple metric for quantification of the 

macrocyclization environmental impact. The MEI scores seemed to be useful even 

in the cases where well-established environmental metrics did not allow for 

scrutinization. 
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4.2. Supporting information 

 

 

 

 

 
 

Scheme S4.1. Synthesis of the polymeric supported base (4) and template (5). The reactions 
were performed in an orbital stirrer. 

 

 

 
 
 
 

 
Figure S4.1. Partial IR spectra of 4 (red), the resin after being filtered-off [4-H+Br-] (green), 

and the resin after basic treatment 4reactivated (purple). 
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Figure S4.2. Kinetic profiles when using 6 equivalents of 4 (blue) or caesium carbonate 

(red) under batch conditions, with a selectivity >99% towards 3a. Reaction conditions: 80 
ºC, 2 mM for 1a and 2 in CH3CN. Yields for 3a were calculated by 1H NMR spectroscopy. 

 

 

 

 

 

 
Figure S4.3. Productivity profiles vs time on stream (TOS). a) Red dots: Supported base 4 

(1 g). b) black squares: cocktail mixture of 4 and 5 in a 1:1 molar ratio (1g in total). 
Conditions: 400 mL/min (2 mM in 1a and 2) for 2.2 minutes. LHSV calculated using the 

yields determined by HPLC, the weight of the polymeric resin and the residence time. 
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Figure S4.4. MS-ESI(+) comparison between the reaction crudes obtained under batch 

conditions (above) and flow conditions (below) using 4 as base. 
 

 

 

 

 

 
Figure S4.5. Conversion profiles for 1b obtained with the different conditions assayed for 
the synthesis of 3b. Black: Inorganic base under batch conditions; Red: Basic resin 4 under 

batch conditions; Blue: Basic resin 4 under flow conditions. All the experiments were 
carried out with 6 equivalents of the respective base. The blue points correspond to the 

conversions achieved for the different residence times obtained adjusting the flow. 
Conversions determined by HPLC. Reaction conditions: 80 ºC, 2 mM in acetonitrile for 1b 

and 2. 
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Figure S4.6. IR spectra comparison between commercial acetonitrile (red spectrum) and 

the distilled fraction of the flow macrocyclization (green spectrum). 
 

 

 

 

 

 

 
Figure S4.7. Optical microscopy pictures (40x1) of the 3a crystals obtained in the reaction 

crudes after slow evaporation of acetonitrile. 
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Figure S4.8. a) Optical microscopy (10x2) pictures of the flow distillation flask walls. b) 

Optical microscopy pictures (40x2) of the 3a crystals obtained, extracted from the 
distillation flask with immersion oil. 

 

 

 
Figure S4.9. 1H NMR (400 MHz, 7 mM in CD3OD) of the reaction crude for a) scaled-up 

macrocyclization reaction between 1a and 2. b) flow-distillation set-up leading to high 
quality crystals of 3a. 
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Scheme S4.2. Synthetic route for 1b. See reference 21 for more details. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S4.10. Thermal ellipsoid plot of 1b. Ellipsoids at 50% of probability. 
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Figure S4.11. Partial IR spectra for the starting Merrifield resin (5.5 mmol of Cl/g nominal 

loading) and 4 (blue spectrum). Disappearance of the C-Cl characteristic band has been 
highlighted in orange. 

 

 

 

 

 

 

 
Figure S4.12. Picture of the NBP test carried out for the supported base 4 (right vial)). The 

control NBP test for the initial Merrifield (M) resin has also been included (left vial) 
showing the development of colour associated to the presence of C-Cl groups. 
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Figure S4.13. Partial IR spectra for 5. The presence of a broad band at 2800-2200 cm-1 

characteristic of ammonium salts has been highlighted in orange. 
 

 

 

 

 
 

 

 
Figure S4.14. Picture of the NBP test carried out for the supported base 5 (right vial). The 

control NBP test for the initial Merrifield (M) resin has also been included (left vial) 
showing the development of colour associated to the presence of C-Cl groups. 
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Figure S4.15. Flow system used for the macrocyclization reaction in CH3CN, in a water 

bath at 80 ºC. 
 

 
 

 

 
Figure S4.16. Flow system containing a distillation setup. The recovered acetonitrile was 

reused to obtain the solutions of the reagents. 
 

  



Continuous Flow Processes as an Enabling Tool for Macrocyclizations 

191 

 

 

 

 

 

 
Figure S4.17. Scaled-up flow setup for the synthesis of 3a in gram scale. 
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Figure S4.18. a) 1H NMR (CDCl3, 400 MHz), b) 13C{1H} NMR (CDCl3, 100 MHz) and c) 

HRMS data for 3b. 
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Figure S4.19. a) 1H NMR (CDCl3, 400 MHz), b) 13C{1H} NMR (CDCl3, 100 MHz) and c) 

HRMS data for 6. 
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Figure S4.20. a) 1H NMR (CDCl3, 400 MHz) and b) 13C{1H} NMR (CDCl3, 400 MHz) 

data for 1b. 
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Figure S4.21. a) 1H NMR (CD3OD, 400 MHz), b) 13C{1H} NMR (CD3OD, 100 MHz) and 
c) HRMS data for 3a. 
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5.1. Main text 

5.1.1. Abstract 

A series of pseudopeptidic compounds have been assayed as organocatalyts for 

the conversion of CO2 into organic carbonates through a cooperative multifunctional 

mechanism. Conformationally constrained pseudopeptidic macrocycles 3a and 3b 

have been revealed to be excellent synzymes for this purpose, being able to provide 

a suitable preorganization of the different functional elements and reaction 

components to activate the CO2 molecule and stabilize the different anionic 

intermediates involved, through a series of cooperative supramolecular interactions. 

As a result, remarkable catalytic efficiencies are found at low CO2 pressures and 

moderate temperatures, with TON and TOF values surpassing those reported for 

other organocatalytic supramolecular systems under similar conditions. The process 

works well for monosubstituted epoxides. The involvement of the different 

structural elements has been analysed in detail and preliminary studies show the 

potential for recovery and reuse of these catalytic systems. 

 

5.1.2. Introduction 

Nature has developed smart and complex systems working under elaborate self-

regulation protocols and mild conditions and producing reduced waste. Many of 

them are based on the self-organization and self-assembly of a few simple building 

blocks.1 Clear examples are provided by enzymes, which are highly sophisticated 

catalysts that Nature has optimized over billions of years. Their unique self-

organization affords specific 3D-arrangements of individual functional groups 

allowing the required supramolecular and cooperative interplay of the various active-

site functionalities within the enzyme. This often enables a precise location of the 

reacting substrates/reagents within the 3D-environment of the active site of the 

enzyme leading to highly efficient transformations in terms of both activity and 

selectivity.2 



Pseudopeptidic Macrocycles as Cooperative Minimalistic Synzymes  

198 

Developing abiotic systems able to mimic the efficiency of these natural 

structures is an important goal in Green Chemistry,3 and a broad range of synthetic 

supramolecular systems displaying enzymatic activity, often referred to as synzymes, 

has been reported.4 As in natural enzymes, the catalytic activity of these systems can 

provide selective substrate recognition and is dominated by supramolecular 

interactions.5 In this field, macrocyclic cavities have been often exploited as 

minimalistic enzymatic mimics, taking advantage of the higher degree of 

preorganization of the functionalities present, which represents a key element of the 

active sites of enzymes.6 

Achieving such a preorganization is not always easy and macrocyclizations often 

represent a synthetic challenge.7 However, efficient macrocyclization strategies based 

on conformational, configurational or template-induced self-organization have been 

developed for the preparation of minimalistic macrocyclic pseudopeptides.8,9 Despite 

their simplicity, as well as the high molecular diversity attainable and the presence of 

a high level of well-defined functionality,10 these macrocycles have not been yet 

exploited as supramolecular organocatalytic systems. On the other hand, the 

conversion of CO2 into valuable chemicals represents a challenge of great current 

interest in Green Chemistry, from different perspectives.11 A variety of catalytic 

approaches have been reported for the reaction between CO2 and epoxides to form 

cyclic carbonates,12-15 a family of compounds of interest for a variety of different 

applications. 16 Here we report the initial results for the evaluation of some 

macrocyclic pseudopeptidic systems (3, Scheme 5.1), in the presence of tetra-alkyl-

ammonium chlorides, as supramolecular synzymes for the activation and conversion 

of CO2 into carbonates in the presence of epoxides. When appropriately adjusted, 

the different structural elements of these minimalistic pseudopeptides like the nature 

of the central spacers, the amino acid sidechains, and the groups attached to the 

amino functions, can facilitate a precise and well-defined self-assembly of the halide, 

the epoxide and CO2 in a minimalistic cooperative supramolecular interplay with the 

macrocyclic host, providing a highly efficient catalytic transformation of CO2 into 

the corresponding cyclic carbonates. 
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Scheme 5.1. Cycloaddition of carbon dioxide to styrene oxide catalysed by the 

supramolecular systems 3 : R4NX. 

 

5.1.3. Experimental section 

General. 

NMR experiments were carried out at 500, 400 or 300 MHz for 1H and 125, 

100 or 75 MHz for 13C. Chemical shifts are reported in ppm from tetramethylsilane 

using the solvent resonance as the internal standard. Fourier transform infrared 

spectra (FT-IR) were recorded using an attenuated total reflection (ATR) adapter. 

High resolution mass spectrometry (HRMS) was recorded with a Q-TOF instrument. 

Rotatory power was determined with a digital polarimeter (Na: 589 nm). Melting 

points were measured using a standard apparatus and are uncorrected. 

Open-chain pseudopeptidic compounds 2 were prepared following literature 

procedures,8c as well as the macrocyclic structures 3.17 

Two different set-ups were used for the cycloaddition reaction with CO2. The 

first one, employed for the reaction at atmospheric pressure, used a standard round 

bottom flask with a CO2 balloon (100% CO2) as gas supply. The second one, for the 

reactions under pressure, used a Berghof R-300 high pressure reactor connected to a 

pressurized CO2 source and a back-pressure regulator from Jasco (see Figure S5.11) 
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Synthesis of (2S,2′S)-N,N‘-(ethane-1,2-diyl)bis(2-(isoindolin-2-yl)-3-methylbutanamide. 

Synthesis of 5. Compound 2a (101 mg, 0.391 mmol) and α,α′-dibromo-o-xylene 

(4) (215 mg, 0.782 mmol) were dissolved in acetonitrile (65 mL) in the presence of 

Cs2CO3 (764 mg, 2.346 mmol), and the reaction mixture was refluxed on a heating 

mantle with magnetic stirring for 5 hours. The solvent was then evaporated under 

vacuum and the resulting residue was treated with basic water (pH ≈ 11), to afford 

pure 5 as a solid after centrifugation of the resulting suspension at 3000 rpm for 8 

min. Yield (140 mg, 77.3%, 0.302 mmol); m.p. = 168-169 °C; [α]D
25 = -41.7° (c = 

0.4, CH3CN); IR (ATR): 3297, 2959, 1641, 1544 cm-1; 1H NMR (400 MHz, CD3CN) 

δ = 0.91 (d, J = 6.7 Hz, 6H), 0.98 (d, J = 6.8 Hz, 6H), 2.86 (d, J = 6.7 Hz, 2H), 3.29-

3.33 (m, 4H), 3.95-4.03 (m, 8H), 7.00 (s, 2H), 7.15-7.22 (m, 8H), 13C{1H} NMR (100 

MHz, CD3CN) δ = 18.4, 20.4, 29.8, 39.9, 56.5, 74.1, 123.1, 127.5, 140.8, 172.4; HRMS 

(ESI/Q-TOF) m/z: [M+ H]+ calcd for C28H38N4O2 463.3703; found 463.3706. 

General procedure for the reaction of 6 with CO2 in the presence of pseudopeptides and 

Bu4NCl. 

8.7 mmol of styrene oxide, 0.087 mmol of Bu4NCl and 0.0087 mmol of the 

corresponding pseudopeptide were added to a 25 mL twin-necked round bottom 

flask. The system was purged with dry N2 and CO2, leaving two CO2 balloons (100% 

CO2) as gas supply. The mixture was refluxed on a heating mantle with magnetic 

stirring for 5 hours at 100 °C. Finally, a sample of the crude was collected and 

analyzed by NMR. The conversion of 6 into 7 could be calculated, considering the 

integration of the signal at 3.88 ppm for the disappearance of 6 and the one for the 

signal at 5.67 ppm for the formation of 7. 

IR kinetic experiments. 

The same procedure above was carried out but using just one CO2 balloon 

(100% CO2) and closing the second neck with a septum. Samples at defined times 

were directly collected through the septum with a syringe and directly analysed by 

FT-IR. The conversion of 6 into 7 could be calculated, using the area of the bands at 
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1440-1510 cm-1 (νC-C stretching, aromatic ring) as the reference and the area of the 

band at 1020–1100 cm-1 (νC-O asymmetric vibration) for the formation of 7. 

Crystal structures. 

Single crystals suitable for X-ray crystallography were obtained by slow 

evaporation of a methanol solution of [3a·2HCl]. A crystal was selected and mounted 

on a SuperNova, Dual, Cu at zero, Atlas diffractometer. The structure was solved 

with the SHELXT 2014/518 structure solution program and refined with the 

SHELXL-2018/319 refinement package. Artwork representations were processed 

using MERCURY20 software. The refined structure of [3a·2HCl] has been registered 

in CCDC with the deposition number 1995455. 

Molecular modelling. 

Lowest energy conformations for the different species considered were 

calculated at the MMFF level of theory using Spartan08.21 Stationary points were 

confirmed by subsequent frequency calculation. All vibrational frequencies were 

positive. 

 

5.1.4. Results and discussion 

In previous supramolecular catalytic systems evaluated for this process, a 

common strategy has been the use of supramolecular hosts able to strongly bind 

cations, affording in this way activated anions (e.g. “naked” X-),22-24 In the present 

case, however, the design elements for the organocatalytic pseudopeptides 

considered took into account their multifunctional and highly preorganized character 

and their capacity to develop cooperative supramolecular interactions with the three 

species involved in the process: the nucleophilic species (halide anions), the epoxide 

and the CO2 molecules. Such interactions could include NHamide⋯X-⋯HNamide, 

Oepoxide⋯HNamide and Namine⋯CO2 and cooperate to locate the three components in 

close proximity (A1, Figure 5.1), within a supramolecular complex, and with an 
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appropriate orientation as to facilitate low energy pathways for the desired reaction, 

fully mimicking the behaviour of many enzymatic sites. 

A common mechanism reported for the activation of CO2 has been its 

interaction with a Lewis base, in particular tertiary amines.25,26 Thus, the Namine⋯CO2 

interaction can also contribute to this activation (A2, Figure 5.1). Besides, Brønsted 

or Lewis acid sites have been used to activate the epoxide,27 sometimes involving 

bifunctional or multifunctional systems,15b,28,29 and accordingly the Oepoxide⋯HNamide 

can contribute to activate the epoxide. The selected synzymatic structure 3 has a high 

modularity (size of the macrocyclic cavity, conformational preferences, polarity, etc.) 

as to enable a fast optimization of the catalytic efficiency. 

 

Figure 5.1. Pseudopeptidic macrocycles as minimalistic synzymes for the conversion of 

CO2 through a cooperative multifunctional activation mechanism. A1: preorganization of 

the reactive components (amide and amine sites). A2: activation of the inert CO2 species by 

a Lewis base (amine sites). 

Constrained macrocycles 3, prepared as previously reported from open chain 

C2-symmetric pseudopeptides 2 and tetrakis(-bromomethyl)arenes 1 (Scheme S5.1), 

have two amide groups appropriately located as to cooperatively interact with anions 

and potentially with the oxygen atom of epoxides, and in close proximity of 

Cl
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conformationally restricted amino groups that could participate in the activation of 

CO2 molecules.17 

Following this design, the pseudopeptidic macrocycle 3a was initially tested in 

combination with Bu4NX salts for the synthesis of the organic carbonate 7 (Scheme 

5.1). The selection of the L-valine derivative was based in the excellent results 

observed in the synthesis of 3a from 2a and in the suitability of its solubility 

properties, as most of these pseudopeptidic compounds have a rather limited 

solubility in styrene oxide (SO). The results obtained from the initial screening at 100 

°C and ambient pressure (CO2 balloon) using 3a and SO as an epoxide of moderate-

low reactivity,13a are summarized in Table 5.1. After 5 h and in the absence of the 

macrocycle, conversions into carbonate were 49% for Bu4NI, 59% for Bu4NBr and 

65% for Bu4NCl (entries 1-3, Table 5.1). It must be noted that in the absence of the 

tetrabutylammonium salt no reaction took place when 3a was added (entry 4, Table 

5.1). The use, under the same conditions, of an equimolecular mixture of both 3a 

and Bu4NX (1 mol% each relative to 6) led to a significant increase in the activity in 

the case of Bu4NCl, reaching a 93% conversion (entry 7, Table 5.1) while the 

observed improvements where minor for Bu4NBr and Bu4NBr (entries 5 and 6, 

Table 5.1). A complete selectivity towards the formation of 7 was observed and the 

formation of other species was not detected by 1H NMR. The decomposition of 

tetraalkylammonium salts has been reported in some catalytic processes involving the 

same reaction, but the formation of tributyl amine was not detected up to the 

detection limit of the techniques used.30 It should be also noted that the crude of 

reactions with conversion close or lower than 50% were also analysed by chiral 

HPLC. In all the cases, neither the epoxide nor the carbonate showed any 

enantioselectivity excluding the enantiopreference of the macrocycle for a given 

enantiomeric epoxide, which seems reasonable considering the temperatures used. 

The same high conversion was maintained when the amount of macrocycle was 

reduced from 1 to 0.1 mol%, while keeping a 1 mol% loading of Bu4NCl (entry 8, 

Table 5.1). However, in this case, the TON with respect to the 3a was significantly 

higher, reaching a value of 930. Reducing also the loading of Bu4NCl to 0.1 mol%, 
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keeping a 1 : 1 3a : Bu4NCl molar ratio, led to an important reduction in conversion 

(22%, entry 9, Table 5.1). When the same experiment was performed at 10 bar of 

CO2, a 73% conversion was observed. This result highlighted again the synergic 

effects between Bu4NCl and the macrocycle 3a, as in the absence of the macrocycle 

only a 45% conversion was observed (entries 11 and 12, Table 5.1). 

Table 5.1. Screening of 3a/Bu4NX mixtures for the reaction between styrene oxide (6) and 
CO2 to afford 7.a 

Entry 
Bu4NX 

(mol%) 

3a 

(mol%) 

Conversion 

(%)b 

TON 

(Bu4NX) 

TON 
(3a) 

1 X=I, (1) - 49 49 - 

2 X=Br, (1) - 59 59 - 

3 X=Cl, (1) - 65 65 - 

4 - 1 4 - 4 

5 X=I, (1) 1 53 53 53 

6 X=Br, (1) 1 67 67 67 

7 X=Cl, (1) 1 93 93 93 

8 X=Cl, (1) 0.1 93 93 930 

9 X=Cl, (0.1) 0.1 22 220 220 

10 X=Cl, (0.1) - 16 160 - 

11 X=Cl, (0.1)c - 45 450 - 

12 X=Cl, (0.1)c 0.1 73 730 730 

13 X=Cl, (0.1)c 0.01 76 760 7600 

a 1 mL epoxide 6 (8.7 mmol), p(CO2)= CO2 balloon, 100 ºC, 5 h. b Conversions determined 

by 1H RMN, selectivity for 7 >99.9 % in all cases. c p(CO2)= 10 bar. 

A ca. 1.5 times increase in conversion was always observed, for all the conditions 

assayed, when 1 equivalent of 3a was added to Bu4NCl. At 10 bar of CO2 the amount 

of macrocycle could be further reduced to 0.01 mol%, while keeping a 1 : 10 3a : 

Bu4NCl molar ratio, with the conversion to carbonate being 76% after 5 h. This 

represents achieving excellent TON and TOF values of 7600 and 1520 h-1. Although 

some comparable or higher TON and TOF values have been described for transition 

metal-based catalysts (Table S5.2), often at higher pressures and temperatures,14,31 the 

results presented here significantly surpass those found for organocatalytic and 
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supramolecular catalytic systems, in particular when epoxides of moderate-low 

reactivity like SO are involved (for a detailed comparison see Table S5.1).22,23,27-29 

Some remarkable examples of organocatalytic systems being able to achieve high 

conversions/yields of cyclic carbonates (>90%) at ambient pressure and temperature 

have been reported. It must be noted, however, that most often they involve the use 

of more reactive epoxides like glycidyl or propylene oxides and, besides, commonly 

use 2-10% catalyst loadings and extended reaction times (20-24 h) which leads to 

significantly reduced TON and TOF values.25,27-29 

The catalytic performance of several tetraalkylammonium chlorides (R4NCl) in 

the presence or absence of 3a was also assayed (Table S5.3). For both Bu4NCl and 

Et4NCl the presence of the macrocycle 3a (0.1 mol%) led again to an increase in 

conversion of ca. 1.5 times and to good TON values of 930 and 800, respectively 

(entries 4 and 5, Table S5.3). However, no reaction was observed for Me4NCl, most 

likely for the lack of solubility of this salt in the reaction medium (entry 6, Table S5.3). 

Although the initial solvent free conditions should be preferred according to the 

principles of green chemistry, the reaction was also studied in 2-MeTHF and 

acetonitrile (Table S5.4). Both are non protic polar solvents in which nucleophiles 

can be relatively “free” making them more reactive. The lack of an adequate solubility 

of the ammonium salt and the macrocycle precluded an efficient reaction in 2-

MeTHF. Results improved, however, in acetonitrile. At 1 bar of CO2 and 80 °C, with 

a 2.4 M concentration of epoxide, the conversion was 18% after 3 h in the presence 

of 1 mol% of Bu4NCl and was increased more than three times when 0.1 mol% of 

3a was added (60% conversion, entries 5 and 6, Table S5.4). When using only 0.01 

mol% of macrocycle 3a, the conversion after 3 h reached 39%, which again 

corresponds with excellent TON and TOF values of 3900 and 1300 h-1, respectively 

(entry 7, Table S5.4). 

As mentioned above, entries 1-3 in Table 5.1 reveal that for the 3a : Bu4NX 

system the reactivity order was Cl- > Br- ≫ I-. This follows the basicity order and not 

the nucleophilicity order as found for other supramolecular receptors.23c Being the 
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more basic anion, chloride is expected to interact stronger with receptors 3 through 

hydrogen bonding to the amide NH fragments, as shown in related 

pseudopeptides,8,32 and this should make chloride less available to react. Thus, the 

mechanism involved cannot rely on the activation of the nucleophile, but on the 

capacity of 3a to correctly preorganize all the reacting species at short distances and 

with the correct orientation as to significantly enhance the reaction rate. The stronger 

binding of Cl- (in comparison with Br- and I-) can favour the adoption of the required 

conformation in the macrocyclic pseudopeptide not achievable with the other two 

anions. 

Thus, 1H NMR titrations in benzene-d6 (ESI, Figure S5.1) showed that upon 

addition of Bu4NCl, the NH amide proton signal underwent a large downfield shift 

(Δδ = 2.74 ppm). This variation is consistent with the development of strong 

NHamide⋯Cl-⋯HNamide H-bonding interactions (log β = 3.15 ± 0.01). The interaction 

of 3a with other halide anions was much smaller. After addition of 10 equivalents of 

Bu4NX the observed downfield shifts for the amide protons (Δδ(NH)) were 1.43 and 

0.19 ppm for Br- and I-, respectively (Table S5.5). The corresponding binding 

constants were too low to be accurately determined. Significant changes were also 

observed for the signals corresponding to the methine of the stereogenic carbon (Δδ 

= 0.87 ppm), to the aromatic protons (Δδ = 0.39 ppm) and to one of the isoindolinic 

protons -appearing as two AB systems in the 3.3 – 4.6 ppm region- that shifted 

downfield from 3.42 ppm to 4.32 ppm, strongly reducing the anisochrony of the AB 

system (Figure S5.1 and S5.2). Overall, this suggests important conformational 

changes upon complexation with Cl-. 

In the same way, the strong negative signal at 285 nm observed in the CD of 3a 

in benzene (0.5 mM) essentially disappeared after addition of 10 equivalents of 

Bu4NCl (Figure 5.2) while the effect was less intense in the presence of Bu4NBr and 

minor for Bu4NI (Figure S5.3). This CD signal is assignable to π-π* transitions of the 

aromatic group located in a chiral environment and, as well known from studies 

related to proteins and other biomolecules, is very sensible to changes in the 
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environment and mobility and to the presence of additional groups at short 

distances.33 

 

Figure 5.2. CD spectra in benzene (0.5 mM) for 3a (red) and 3a + 10 equivalents of 
Bu4NCl (black). 

Molecular modelling of the [3a + Cl-] complex shows that in the most stable 

conformation both amide groups of the macrocycle adopt a syn-disposition and 

strongly interact with the halide anion (Figure 5.3).21 The conformation observed in 

the macrocycle is similar to the one found in its X-Ray structure,17 although the two 

carbonyl groups display longer distances to the corresponding methylene groups of 

the isoindolinic rings, in particular in one of the cases (Figure S5.4) which agrees well 

with the changes observed in 1H NMR. 

 

Figure 5.3. Lowest energy conformers calculated for a) [3a + Cl-] complex highlighting the 
amide groups are in syn-disposition. b) [3a + I-] complex highlighting the amide groups in 

anti-disposition. 

In contrast, for the most stable conformation calculated for the [3a + I-] 

complex, the amide groups adopt an anti-disposition, where only one amide group is 
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interacting with the iodide anion (Figure 5.3). It must be noted that only in the syn-

disposition of the amide groups it is possible to facilitate the location of the epoxide 

on the same side of the halide and close to the activated CO2 as envisaged in the 

catalyst design. 

The level of structural preorganization of 3a, being a conformationally 

constrained macrocycle can be relevant for the results obtained. To evaluate a 

possible “macrocyclic effect”,34 the open chain pseudopeptidic compound 5, 

displaying the same functional groups and the same connectivity than 3a, but lacking 

the constraints associated to the macrocyclic structure, was synthetized (Scheme 

S5.1) and tested.  

The course of the model reaction catalysed by Bu4NCl or by this salt in the 

presence of 3a or 5 (0.1 equivalents relative to Bu4NCl) was monitored by FT-ATR-

IR spectroscopy (Figure S5.5). The conversion vs. time profiles confirmed the 

importance of the macrocyclic structure, showing that the higher conversion 

obtained after 5 h for the supramolecular system 3a : Bu4NCl (65% for Bu4NCl alone, 

73% in the presence of 5 and 93% in the presence of 3a) was associated to a faster 

reaction rate (Figure 5.4). Thus, for instance, after one hour of reaction TOF values 

reached 380 h-1 for Bu4NCl, 480 h-1 for 5 : Bu4NCl and 630 h-1 for 3a : Bu4NCl. 

 

Figure 5.4. Conversion vs time profiles obtained for the reaction between 6 and CO2 as 
monitored by FT-ATR-IR. Catalysts: 1 mol% Bu4NCl and 0.1 mol% of 2a, 3a or 5. 

Reaction conditions: solventless, 100 °C, 5 h, CO2 balloon. 
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The results shown in Figure 5.4 also confirmed the importance of the tertiary 

amine groups in the activation of CO2 molecules.25,26 When the related 

pseudopeptide 2a presenting primary amino groups was assayed, an irrelevant 

catalytic effect was observed (red points, Figure 5.4). Furthermore, the double salt 

[3a·2HCl], was obtained by treatment of 3a with the stoichiometric amount of HCl 

in methanol (Scheme S5.1). This salt could maintain the main structural features of 

[3a + Cl-] but lacking the activating role of the tertiary amines. The 1H NMR 

spectrum of this salt in DMSO-d6 (Figure S5.6) showed the appearance of a new 

signal for the ammonium proton (R3N+H) at 10.45 ppm. Additionally, the amide 

signal was shifted downfield (ΔδNH = 1.3 ppm), indicating the presence of 

NHamide⋯Cl- interactions. The X-Ray crystal structure of [3a·2HCl] contained two 

molecules in the asymmetric unit, with syn- and anti-arrangements of the amide 

groups (Figure S5.7, see also Figure S5.12). Both structures exhibit Cl-⋯HNamide 

hydrogen bonds, particularly the one with the syn- amide groups that seems to display 

an appropriate preorganization of the cavity. However, no formation of the 

carbonate 7 was obtained when 6 was heated in the presence of 1 mol% of salt 

[3a·2HCl], highlighting the importance of these tertiary amino groups. 

The length of the central aliphatic spacer linking the two amino acid fragments 

is another structural element defining the conformational flexibility of compounds 3 

and, accordingly, their level of preorganization. Hence, important differences were 

found as a function of the length of the spacer in macrocycles 3a-e demonstrating 

that a reduction in the preorganization of the macrocyclic cavity is critical, leading to 

less active systems. Compounds with shorter spacers (n = 0 or 1, 3a and 3b) afforded 

efficient catalytic systems (conversion > 90%, entries 1 and 2, Table 5.2), while for 

spacers of intermediate length (n = 2 or 3, 3c and 3d) some decrease in conversion 

was observed (ca. 80% conversion, entries 3 and 4, Table 5.2). Finally, the macrocycle 

with the largest spacer (n = 8) afforded a strong decay in activity (52% conversion, 

entry 5, Table 5.2). 

Table 5.2. Screening of macrocyclic catalysts mixtures for the reaction between styrene oxide 
(6) and CO2 to afford 7.a 



Pseudopeptidic Macrocycles as Cooperative Minimalistic Synzymes  

210 

Entry Macrocycleb 
Spacer 

-(CH2)n+2- 
3 : Bu4NCl 

molar ratio 

Conversion 

(%)c 

1 3a 0 1 : 10 93 

2 3b 1 1 : 10 96 

3 3c 2 1 : 10 83 

4 3d 3 1 : 10 79 

5 3e 8 1 : 10 52 
a 1 mL epoxide 6 (8.7 mmol), 1 mol% of Bu4NCl, 1 : 10 macrocycle : Bu4NCl molar ratio, 
CO2 balloon, 100 ºC, 5 h. Conversion achieved for BuN4Cl alone 65%. b Obtained as 
previously reported in ref. 17. c Conversions determined by 1H NMR, selectivity for 7 

>99.9 % in all the cases. 

The increase in mobility associated to the length of the spacer in compounds 3 

was highlighted by the changes observed for the signals from the four protons of the 

isoindolinic rings in 1H NMR spectra. As mentioned, they are observed in all solvents 

as two well-differentiated AB systems, the signals for the protons directed towards 

the macrocyclic cavity, and accordingly affected by the shielding cone of the C=Oamide 

fragments, appearing at higher field. In CD3OD (Figure S5.2), the larger anisochrony 

was observed for compounds with the shorter spacers (3b, Δδ = 0.59 and 0.37) and 

decreased significantly for the macrocycles with the larger spacers (3d and 3e). For 

3e the spectrum changes to an apparent AB single system, suggesting a high degree 

of conformational flexibility allowing the rotation of the aromatic unit, accompanied 

by the inversion at the nitrogen atoms, with respect to the macrocyclic main plane.35 

Besides, the CD spectrum for the less active macrocycle 3e (larger spacer) was 

like that of 3a but, in this case, the effect of the addition of Bu4NCl was minor. For 

the intermediate macrocycle 3d the CD signal was essentially absent, which can be 

associated to the coexistence of several conformations as suggested by X-Ray data 

and molecular modelling studies,17 and no significant changes were observed in the 

presence of chloride anion (Figure S5.3). Thus, the formation of a strong [3a + Cl-] 

complex displaying a highly restricted conformational mobility and an appropriate 

preorganization seems to be a requisite for the higher activity of 3a in this catalytic 

process, despite the reduced reactivity of the anion in such a complex. The larger 

spacers would allow, for instance, and anti-disposition of the amide groups and the 
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location of chloride and epoxide coordinated on opposite sides of the macrocyclic 

cavity, precluding a direct interaction of these two components of the reaction. 

According to literature data, hydrogen bonding between the oxygen atom of SO 

and the amide hydrogens can activate the epoxide.15,28,29 1H NMR titrations of 3a 

with 6 in C6D6 did not show significant changes that could be attributed to the 

formation of the corresponding complex. However, 1H NMR spectra obtained for 

the [3a + Cl- + 6] system in benzene-d6 in ratios similar to those in the catalytic 

experiments (2 mM of 3a, 20 mM of Bu4NCl and 240 mM of 6) suggested the 

formation of a ternary complex (Figure S5.8). Thus, the complex signal for the 

methylene protons closer to the ammonium (R-CH2-N+R3) experienced an upfield 

shift (Δδ = 0.05 ppm), associated to the weakening of the ion pair, that is appreciably 

larger than the one observed in the absence of 6. Despite the large excess of 6 present, 

a minor downfield shift was also observed for the protons of the epoxide ring 

suggesting the presence of a weak interaction Cl-⋯HCHORepoxide. 

In agreement with this, molecular modelling for [3a + Cl- + 6] showed that in 

the lowest energy species the rigidly preorganized cavity of 3a facilitates a cooperative 

but asymmetric H-bonding of both syn-amide groups with the chloride anion, while 

6 is located displaying short NHamide⋯O distances, adopting a suitable conformation 

for the nucleophilic attack on the less hindered carbon atom and contributing to the 

shielding of the anion from its interaction with Bu4N+ (Figure 5.5a).  

In contrast, in the lowest energy species for [3e + Cl- + 6] only one of the two 

anti-amides interacts with the chloride anion, while the epoxide is located closer to 

the macrocycle but adopting an orientation much less favourable for the reaction to 

occur, as the CO2 molecule that could be interacting with one of the amino groups 

should not be appropriately located (Figure 5.5b). 
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Figure 5.5. Lowest energy conformers calculated (MMFF level of theory) for the 

supramolecular species a) [3a + Cl- + 6] and b) [3e + Cl- + 6]. Non-essential hydrogen 

atoms are omitted for clarity. 

In the light of the former results, the observed catalytic activity seems to rely on 

a cooperative multifunctional mechanism based on an efficient preorganization of 

the different components and participating groups: amide, tertiary amine, anion, 

epoxide and CO2 (Figure S5.9). According to the general mechanism established for 

the synthesis of cyclic carbonates from epoxides and carbon dioxide, the mechanism 

depicted in Figure 5.6 can be considered.30 After formation of the [3a + Cl-] complex 

(A), interaction with the epoxide can lead to the formation of the [3a + Cl- + 6] 

supramolecular species (B), while CO2 can be activated by tertiary amino groups in 

close proximity leading to the intermediate C. The attack of the chloride to the less 

hindered carbon atom of the epoxide produces the requisite intermediate D, which 

subjected to the insertion of CO2 generates the intermediate E. Both, the alkoxide 

and the alkylcarbonate anions, in intermediates D and E, can be stabilised by 

interaction with the amide groups, reducing the energy required for the ring-opening 

of the epoxide, which is considered the rate determining step. Finally, the 

corresponding cyclic carbonate is obtained through an intramolecular cyclization step 

to give the [3a + Cl- + 7] species (F), from which the catalytic [3a + Cl-] complex (A) 

is regenerated. Nevertheless, more detailed studies, including in depth kinetic 

analyses and high-level computational studies, are needed to fully analyse these 

mechanistic details, although this is out of the scope of this initial work. 

a) b)
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Figure 5.6. Proposed mechanism for the cycloaddition of styrene oxide and CO2 catalysed 

by the supramolecular system 3a : R4NX. 

The coupling reactions of CO2 with several epoxides (Fig. 5.7) were also 

investigated under the optimized conditions. In general, excellent conversions 

(>90%) were found for reactive and moderately reactive monosubstituted epoxides 

(entries 1-4, Table 5.3). Only for cyclohexene oxide a lower conversion was observed 

(18%), as a result of its lower reactivity associated to the steric hindrance present 

(entry 5, Table 5.3).36 In this case, 15 hours were required for a complete conversion 

of the epoxide in the desired carbonate.  

 

Figure 5.7. Structures of the epoxides assayed. 

Bu4NCl+3a

6

CO2

7
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Table 5.3. Cycloaddition of CO2 to different epoxides catalysed by 3a : BuN4Cl.a 

Entry Epoxide 
Conversion 

(%)b 
TON 

(3a) 

TON 

(Bu4NCl) 

1 6 93 930 93 

2 8 94 940 94 

3 9 99 990 99 

4 10 98 980 98 

5 11 18 (99)c 180 (990)c 18 (99)c 
a Reaction conditions: solventless, 100 °C, 5 h, CO2 balloon; 1 mol% of BuN4Cl, 0.1 mol% 
of 3a. b Conversions determined by 1H NMR. c Conversions determined by 1H NMR after 
15 h of reaction without solvent, 100 °C using a CO2 balloon. 

Finally, the reusability of the catalyst was also assayed using styrene oxide as the 

substrate at the optimized reaction conditions (Figure S5.10). The pseudopeptidic 

macrocycle 3a could be recovered almost quantitatively by precipitation with 

cyclopentyl methyl ether (CPME) and could be used after centrifugation and 

decantation of the solution with only a minor decrease in the conversion of 6 into 7 

being observed after three reuses. After the recycling protocol, the integrity of the 

organocatalyst was corroborated by NMR and MS analyses, with no significant 

changes observed as compared to the spectra of freshly prepared 3a. Considering the 

small scale of the experiments, these results support the feasibility of this 

methodology to isolate and reuse the catalytic system. 

 

5.1.5. Conclusions 

Overall, the present results show that pseudopeptidic macrocycles represent a 

remarkable and unique scaffold for the development of a synzymatic approach 

allowing the efficient conversion of CO2 into organic carbonates achieving high 

TON and TOF values surpassing the best values reported for supramolecular 

systems under related conditions. Despite the reduced reactivity that could be 

associated to the interaction of the chloride anion with the amide NH fragments, the 

conformational restrictions defined by the macrocyclic structure, along with the very 

high functional density, facilitate an appropriate supramolecular preorganization, 
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with suitable distances and orientations, of the three components involved: the 

nucleophilic anion, the epoxide and one molecule of CO2. Simultaneously, the 

tertiary amino groups can activate the CO2 molecules, while the amide functionalities 

could activate the epoxide and stabilize the different anionic intermediates formed, 

leading to the cooperative involvement of the different structural elements, fully 

mimicking the behaviour found in enzymatic sites. Similar catalytic activities are 

observed for monosubstituted epoxides, while the activity decreases with 

cyclohexene oxide. A preliminary approach has been developed allowing the recovery 

and reuse of the catalytic system. Additional work is needed to fully disclose the 

mechanistic aspects of the process involved, but the present results provide a new 

promising entry to the development of efficient metal-free processes for the 

conversion of CO2 into cyclic carbonates from epoxides. 
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5.2. Supporting information 

 

 

 

 

 
 

Scheme S5.1. Synthesis of macrocyclic systems and related analogues. i) CH3CN, 2-3 h, 90 
ºC. ii) CH3CN, 5 h, 90 ºC. iii) CH3OH, 1 h, 25 ºC. 
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Table S5.1. Comparation of the results in this work with some selected 
organocatalytic/supramolecular examples for the reaction between styrene oxide (6) and CO2 
to afford 7. 

 

Entry Ref. Catalyst 
T 

(oC) 
P 

(bar) 
% cat 

Time 
(h) 

Conv. 
(%) 

TON TOF 

1 1 Polycrown ether 18C6 (1) - KI 100 10 2 3 89 44.5 14.8 

2 2 curcurbit[6]uril (2) - KI 120 40 1.5 KI 0.1 g CB[6] 5 95 63.3 12.7 

3 3 
calix[4]pyrrole (R= CH3- X= H) (4) - 

Bu4NI 
100 17 1 15 98 98 6.5 

4 4 IL+crown ether [18-C-6-K][Im] (5) 100 10 1 6 93 93.5 15.6 

5 5 

Tetraphosphonate Cavitand (R = 
C3H7) (6) - Bu4NCl 

100 1 1 (6) - 1 co-cat 24 

85 85 3.5 

Tetraphosphonate Cavitand (R = 
C3H7) (6) - Me4NCl 

25 25 1 

Tetraphosphonate Cavitand (R = 
C3H7) (6) - Me4NBr 

58 58 2.4 

Tetraphosphonate Cavitand (R = 
C3H7) (6) - Me4Nl 

92 92 3.8 

6 6 -CD (7) - KI 120 60 2.5 KI 12 94 37.6 3.1 

7 7 
Cavitand-Based Polyphenols (8) - 

Bu4NI 
50 10 

1.5 (8) - 5 Bu4NI 
(MEK) 

18 93 62 3.4 

  
1,2-Epoxyhexane instead of 6 

(solventless) 
80 10 0.01 (8) - 1.6 Bu4NI 18 74 7400 411 

8 
This 
work 

Macrocycle 3a- Bu4NCl 

100 10 0.01 of 3a - 0.1 Cl 5 76 7600 1525 

80 1 
0.01 of 3a - 1 Cl 

(ACN) 
3 39 3900 1300 

9 8 Hemisquaramide (9) - Bu4NI 30 1 2 (9) - 5 Bu4NI 24 92 18.4 0.8 

10 9 Ascorbic acid (10) - Bu4NI 60 1 2 (10) - 4 Bu4NI 23 96 48 2.1 

11 10 Salophens (11) 120 10 
10 24 100 10 0.4 

5 (2-MeTHF) 24 90 18 0.8 

12 11 PILs (12) 110 60 0.526 7 79 150 21.5 

13 12 2-Pyridinemethanol (13) 25 1 8 (13) + 8 Bu4NI 18 91 11.4 0.6 

14 13 

Triarylboranes (14) 
Propylene oxide instead of 6 

100 1 0.025 (14) + 0.1 PPNCl 24 31 1240 52 

Glycidyl chloride instead of 6 100 20 0.025 (14) + 0.1 PPNCl 3 76 3040 1013 

15 14 Phosphonium salts (15) 60 1 1 24 92 92 3.8 

16 15 Organic pincers (16) 25 1 4 24 62 15.5 0.65 

References 
1: T. Werner and coworkers, ChemSusChem, 2015, 8, 3815-3822; 2: B. Han and coworkers, Pure Appl. Chem., 2013, 85, 1633-1641; 3: T. Ema and 

coworkers, Cat. Sci. Technol., 2018, 8, 4193-4198; 4: H. Jing and coworkers, Org. Chem Front., 2018, 5, 741-748; 5: J.-P. Dutasta, V. Dufaud and coworkers, 
ACS Catal., 2015, 5, 11, 6748-6752; 6: B. Han and coworkers, Green Chem., 2008, 10, 1337–1341, 7: A. W. Kleij and coworkers, ChemSusChem, 2016, 9, 749-
755; 8: T. Ema and coworkers, Org. Lett., 2019, 21, 1397-1401; 9: V. D’Elia and coworkers, ACS Sustainable Chem. Eng., 2017, 5, 6392-6397; 10: M. North 
and coworkers, ACS Catal., 2019, 9, 1895-1906; 11: B. Han and coworkers, Angew. Chem. Int. Ed., 2007, 46, 7255-7258; 12: T. Hirose and coworkers, Green 
Chem., 2016, 18, 1229-1233; 13: F. M. Kerton and coworkers, ACS Catal., 2019, 9, 1799-1809; 14: S. Shirakawa and coworkers, Green Chem., 2016, 18, 4611-
4615; 15: N. Liu and coworkers, ACS Catal., 2018, 8, 9945-9957. 
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Table S5.2. Selected metal-based catalytic systems for the reaction between styrene oxide (6) 
and CO2 to afford 7. 

 

Entry Ref. Catalyst 
T 

(oC) 
P 

(bar) 
% cat 

Time 
(h) 

Conv. 
(%) 

TON TOF 

1 16 

Multinuclear 
complexes 

17 (Zn) 
18 (Ni) 

120 
120 

150 
150 

0.1 
0.1 

24 
24 

70 
97 

700 
970 

29 
40 

2 17 

Trimer Porphyrin 
Platforms (19) 

(Zn, R = 
O(CH2)6NBu3Br) 

120 250 0.002 9 96 48000 5333 

3 18 

Cr(salophen) 20 - 
Bu4NBr 25  

2.5 (16) - 5 Bu4NBr 6 65 25.8 4.3 

21 (X = Br) - Bu4NBr 2.5 (17) - 5 Bu4NBr 6 71 28.2 4.7 

4 19 
Zn3[Co(CN)6]2 - 

Bu4NCl 
100 3.4 0.1 (Zn) - 1 Bu4NCl 6 43 430 71.7 

5 20 

 
heterometallic helicate 

complex (22) - 
Bu4NBr 

120 10 

0.025 (18) – 0.75 
Bu4NBr 

1 96 3840 3840 

0.0025 (18) – 0.5 
Bu4NBr 

 
1 67 26800 26800 

6 21 

Al-complex (23) – 

Bu4NI (4-

Fluorostyrene oxide) 

70 10 

0.05 (19) - 0.25 

Bu4NI 
18 93 1860 103 

1,2-epoxyhexane 

instead of 6 

0.0005 (19) - 0.5 

Bu4NI 
2 24 48000 24000 

0.0005 (19) - 0.5 

Bu4NI 
18 56 112000 6222 

References 
16: T. Ema and coworkers, Angew. Chem. Int. Ed., 2019, 58, 9984-9988; 17: T. Ema and coworkers, Angew. Chem. Int. Ed., 2015, 54, 134-138; 18: M. 

North and coworkers, ACS Catal., 2016, 6, 5012-5025; 19: D.-W. Park and coworkers, Green Chem., 2009, 11, 1754-1757; 20: W. Liu and coworkers, Chem. 
Commun., 2018, 54, 2212-2215; 21: A. W. Kleij and coworkers, J. Am. Chem. Soc., 2013, 135, 1228-1231. 
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Table S5.3. Effect of the nature of the alkyl group in the 3a : R4NCl catalytic system for the 
reaction between styrene oxide (6) and CO2 to afford 7.a 

Entry 
R4NCl 

(mol%) 
3a (mol%) 

Conversionb 

(%) 
TON (3a) 

1 X = Bu, (1) - 65 - 

2 X = Et, (1) - 54 - 

3 X = Me, (1) - 0 - 

4 X = Bu, (1) 0.1 93 930 

5 X = Et, (1) 0.1 80 800 
a Reaction conditions: 1 mL epoxide 6 (8.7 mmol), p(CO2)=1 bar (CO2 balloon), 5 h, 100 ºC. 
b Conversions determined by 1H NMR, selectivity for 7 was >99.9 %. 

 

 

 

 

 

 

 
Table S5.4. Effect of the solvent for the reaction between styrene oxide (6) and CO2 to 
afford 7.a 

Entry 
Bu4NCl 

(mol%) 
3a 

(mol%) 
Solvent 

Time 

(h) 
Conversionb 

(%) 
TON 

(Bu4NCl) 
TON 
(3a) 

1 1 - MeTHF 1 3 3 - 

2 1 0.1 MeTHF 1 3 3 30 

3 1 - ACN 1 9 9 - 

4 1 0.1 ACN 1 25 25 250 

5 1 - ACN 3 18 18 - 

6 1 0.1 ACN 3 59 59 590 

7 1 0.01 ACN 3 39 39 3900 

a Reaction conditions: 80 ºC, 2.4 M of 6 in the solvent, p(CO2)=1 bar. b Conversions 

determined by 1H NMR, selectivity for 7 was >99.9 %. 
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Figure S5.1. Partial 1H NMR spectra for the titration of 3a with Bu4NCl. The downfield 
shift highlighted in red corresponds to the NHamide signal. Solvent: benzene-d6 (0.5 mM). 

 

 

 

 
Figure S5.2. Partial 1H NMR (400 MHz) spectra (signals for the isoindolinic protons) of 

the macrocyclic pseudopeptides 3a-e, 6 mM in CD3OD. 1 and 2 correspond to the 
difference in chemical shifts between Ha and Hb and/or Hc and Hd. 
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Figure S5.3. a) CD spectra of 3a in the presence of 10 eq. of Bu4NX; b)-d) CD spectra of 

3a, 3d and 3e in the absence and presence of 10 eq. of chloride anion. 

 

 

 

 

 
Figure S5.4. a) Structure of 3a found in the crystal structure (syn-disposition of the amide 
groups). b) Lowest energy conformation for [3a + Cl-] calculated using Spartan08 at the 

MMFF (Merck Molecular Force Field) level of theory. The lines display the distances 
between each C=O group and the closest hydrogen atom of the isoindolinic ring. 
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Table S5.5. Shifts observed for the NHamide signals in the presence of 10 equivalent of 
Bu4NX.a 

Entry Bu4NX: 3a Cl Br I 

1 (NH) ppm 2.74 1.43 0.19 
a Solvent: benzene-d6 (0.5mM). 

 

 

 

 

 

 
Figure S5.5. Partial FT-ATR-IR spectra used to obtain the kinetic profiles for the reaction 
between styrene oxide (6) and CO2 to afford 7. Reaction conditions: solventless, 100 ºC, 5 

h, CO2 balloon. 
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Figure S5.6. 1H NMR (400 MHz, 30 ºC) spectra of 3a and [3a·2HCl] using DMSO-d6 as 
the solvent (9 mM). The downfield shift observed for the NHamide has been highlighted in 

green. 
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Figure S5.7. a) Unit cell for the crystal structure of the [3a·2HCl] salts displaying the two 
conformations present (syn- and anti-disposition of the amide groups). Ellipsoids at 50% of 
probability. Chloride anions are highlighted in green. One of the chloride anions can adopt 

two slightly different positions; only one is shown for clarity. b) Representation of the 
structure for the conformer with the syn-disposition of the amide groups highlighting the 

position of the chloride anion (CPK representation) interacting with the amide groups. The 
second chloride anion has been deleted for clarity. 

 

 

 

 

a)

b)
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Figure S5.8. Partial 1H NMR (500 MHz) spectra for Bu4NCl, 6 and the mixtures [Bu4NCl 
+ 6], [3a + Bu4NCl] and [3a + Bu4NCl + 6] in C6D6. [6] = 240 mM; [Bu4NCl] = 20 mM; 

[3a] = 2 mM (samples in 1mL of C6D6). 

 

 

 

 

 

 
Figure S5.9. Lowest energy conformer calculated for the [3a + Cl- + 6] species in the 
presence of CO2 activated by the tertiary amino group. MMFF level of theory. Non-

essential hydrogen atoms are omitted for clarity. 
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Figure S5.10. Schematic representation of the protocol for catalyst 3a recycling. 

 

 

 

 
 

Figure S5.11. Thermal ellipsoid plot for the crystal structure of [3a·2HCl]. Ellipsoids at 
50% of probability. 
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Figure S5.12. a) 1H NMR (400 MHz, CD3CN); b) 13C{1H} NMR (100 MHz, CD3CN) and 

c) HRMS (ESI/Q-TOF, CH3OH) for pseudopeptide 5. 
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6.1. Main text 

6.1.1. Abstract 

Supramolecular catalysis can provide distinct advantages for the catalytic 

conversion of CO2 into carbonates by cycloaddition to epoxides. For example, the 

absence of metals in the catalytic site, and the easy design for optimization. The 

incorporation of multiple functionalities in pseudopeptidic macrocycles with a 

pendant arm allows catalytic systems to be obtained where halide anions 

(nucleophilic activating agents for epoxides), hydrogen bond acceptor sites 

(activating agents for epoxides and stabilizing sites for anionic intermediates), and 

amine groups (Lewis basic sites for activating CO2) are in proximity. This allows a 

high activity in the cycloaddition of CO2 to styrene oxide under mild conditions 

(turnover number (TON) = 900, CO2 balloon, 100 ºC, 5 h). The primary amino 

groups in the arm facilitate the immobilization of these macrocyclic structures in 

cross-linked polymeric matrices containing ammonium halide fragments. Such 

multifunctional insoluble polymers afford excellent catalytic results with high TON 

and turnover frequency values and remarkable productivities (>10 gprod/gresin·h). This 

activity is maintained for a variety of epoxides and is retained after several catalytic 

runs. Their performance is significantly higher than those reported for most 

heterogenous supramolecular catalytic systems for CO2 transformation into 

carbonates. 

 

6.1.2. Introduction 

Enzymes can induce remarkable reactivity in catalytic transformations, while 

maintaining high selectivity, based on the presence of a well-defined network of 

reversible noncovalent forces.1 Indeed, enzymes are a major inspiration for 

supramolecular chemistry. Therefore, it is not surprising that enzymes have served 

as prototypes for the meticulous design of supramolecular catalysts.2 In recent years, 

many efforts have been devoted to developing abiotic systems able to mimic such 

catalytic proficiencies by means of host-guest supramolecular interactions.3 However, 
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finding highly active supramolecular catalytic systems is not a trivial task. In enzymes, 

their tertiary structure defines a shielded catalytic pocket, allowing strong 

noncovalent forces even in highly competitive environments (i.e., water).4 On the 

contrary, for an abiotic supramolecular catalytic system, the host-guest interactions 

(i.e., hydrogen bonding, halogen bonding, π-π-stacking, dipolar aggregation, and 

solvophobic forces) that define the supramolecular microenvironment facilitating an 

active and selective transformation are usually very sensitive to the nature of the 

solvents.5 Thus, it is important that solvent effects are taken into account when 

designing new supramolecular catalytic systems. Very often, the behaviour of such 

systems is enhanced using non-competitive organic solvents, which can be highly 

toxic and/or display high boiling points (toluene, dimethyl sulfoxide, etc.), and under 

relatively dilute conditions, leading to an increased usage of solvents. This results in 

both waste generation and an increased energy demand for the separation steps, often 

overpassing the one involved in the targeted chemical transformation. A promising 

solution to overcome these issues is the use of solid solvents. These systems are 

organic/inorganic materials that provide a solvent-like solid medium, onto which 

host molecules can be grafted in a controlled manner defining, at the molecular scale, 

the microenvironment required to favour the host–guest supramolecular 

interactions. Although some bioinspired solid solvents have shown promising results 

on this behalf, this is still a seldom explored field.6 

The growing emissions of carbon dioxide to the atmosphere have triggered the 

blossoming of technologies for its capture, activation, and conversion into added 

value chemicals.7,8 Nevertheless, the high kinetic and thermal stability of CO2 appears 

as a major challenge.9 Hence, the development of new catalysts for CO2 

transformation, able to work at mild process conditions with good performance, and 

being also reusable and easily separable, is of high industrial interest.10,11 Among the 

different added-value products that have been obtained using carbon dioxide,12-14 

cyclic carbonates (CC) are one of the most popular.15 Several metal-based systems 

have been reported as highly active in the catalytic conversion of CO2 to CC, under 

mild conditions.16-20 Organocatalytic processes can be considered as greener catalytic 
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approaches, as they avoid issues related to metal contamination, and, in the last 

decade, a variety of metal-free systems have been designed as sustainable alternatives 

for catalysed CC formation.21 Immobilization of catalytic species on solid matrices 

has become, likewise, a common method to decrease the environmental impact, 

facilitating the recovery and reuse of the catalysts.22-24 Currently, however, the 

reported heterogenous catalysts require harsh reaction conditions, which highlights 

the need of further developments in this field to achieve practical applications.25,26 In 

this context, examples of supramolecular catalytic systems evaluated for this process 

are seldom.27-29 Most of them rely on a host able to strongly bind cations, affording 

activated anions (i.e., “naked” X−) that increase, in this way, their nucleophilicity in 

the initial epoxide ring-opening step.30-32 Even more scarce is the use of immobilized 

supramolecular systems for the cycloaddition of CO2 to epoxides.33-35 

Herein, we report a new supramolecular (metal-free) system presenting high 

activity in the cycloaddition of carbon dioxide to epoxides under mild conditions, in 

the absence of additional solvents/cocatalysts. The immobilization of a 

pseudopeptidic macrocyclic host and halide nucleophiles in a polymeric matrix 

provided a suitable microenvironment and afforded excellent catalytic systems with 

improved practical application. The experimental results revealed that the 

polystyrene matrix enhanced the supramolecular interactions between the active 

catalytic pockets and the substrates. Mechanistic insights were studied by 

spectroscopic techniques, demonstrating the paramount role of the noncovalent 

interactions in the activity of the macrocyclic organocatalysts. Besides, the material 

could be easily recovered and applied to a wide range of epoxides with well-

differentiated chemical properties. This greener approach addresses the UN's 

Sustainable Development Goals (SDGs) 9, 11, and 13 encompassing waste reduction 

and conversion of environmentally hazardous species. 
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6.1.3. Experimental section 

General. 

NMR experiments were carried out at 400 or 300 MHz for 1H and 125, 100, or 

75 MHz for 13C. Chemical shifts were reported in ppm from tetramethylsilane using 

the solvent resonance as the internal standard. FTIR were recorded using a JASCO 

instrument with an ATR adapter. RAMAN analyses were performed using a Witec 

instrument. HRMS was recorded with a Q-TOF instrument. Optical rotation was 

determined with a digital polarimeter (Na: 589 nm). Melting points were measured 

using a standard apparatus and were uncorrected. Open-chain pseudopeptidic 

compounds 2 were prepared following literature procedures,8c as well as the 

macrocyclic structures 3.17 

General Procedure for the Synthesis of Macrocyclic Pseudopeptides. 

Synthesis of 3a: Open-chain pseudopeptidic compound 1 was prepared following 

literature procedures.48 Compound 1 (0.263 g, 0.594 mmol) and caesium carbonate 

(1.161 g, 3.564 mmol) were placed in a 250 mL twin-necked round bottom flask 

under an inert atmosphere, using dry acetonitrile (198 mL) as solvent. Then, the 

bromomethyl aromatic reagent 2a (0.281 g, 0.594 mmol) was dissolved in dry 

CH3CN (15 mL) and added dropwise. The reaction mixture was refluxed for 3 h. 

The resultant suspension was filtered, and the solution was dried under reduced 

pressure. The white solid obtained was purified by flash chromatography 

(CH2Cl2/MeOH as the eluent) affording pure 3a. Yield: 16% (0.054 g, 0.095 mmol). 

Characterisation: white solid, mp = 183 °C; [α]D
20 = −24.9 (c = 0.1, CH3OH); 1H 

NMR (400 MHz, CD3OD, δ): 6.94 (s, 2H), 4.34 (dd, J = 19.2, 14.5 Hz, 4H), 4.19 

(d, J = 14.1 Hz, 2H), 3.97 (d, J = 13.8 Hz, 2H), 3.75 (d, J = 6.1 Hz, 1H), 3.24–3.12 

(m, 3H), 2.74–2.64 (m, 5H), 2.22–2.12 (m, 3H), 2.06 (dt, J = 10.7, 6.6 Hz, 2H), 1.85–

1.73 (m, 2H), 1.09 (d, J = 6.6 Hz, 6H), 1.04 (dd, J = 17.0, 6.9 Hz, 6H), 0.85 (d, J = 

6.5 Hz, 6H); 13C NMR (75 MHz, CD3OD, δ): δ = 171.8, 171.6, 139.7, 139.1, 116.3, 

73.7, 59.3, 59.1, 54.2, 51.5, 37.0, 35.0, 31.3, 28.0, 18.9, 18.7, 18.2, 16.5; ATR-FTIR: 
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3325, 3040, 2980, 1632, 1525, 1450 cm−1; HRMS (ESI) m/z: [3a + H]+ calcd for 

C31H52N7O3, 570.4126; found, 570.4128. 

 

Synthesis of 3b: Prepared following the procedure described above. Yield: 34% 

(0.099 g, 0.156 mmol). Characterisation: white solid, mp = 156 °C; [α]D
20 = −15.6 

(c = 0.1, CH3OH); 1H NMR (400 MHz, CD3OD, δ): 7.25 (d, 2H, J = 8.0 Hz), 7.08 

(d, 2H, J = 8.0 Hz), 4.00 (d, J = 13.7 Hz, 1H), 3.92 (s, 1H), 3.55 (d, J = 13.7 Hz, 1H), 

3.25–3.16 (m, 2H), 3.06–2.95 (m, 1H), 2.89 (t, J = 7.0 Hz, 1H), 2.85 (d, J = 5.0 Hz, 

1H), 2.54 (q, J = 6.6 Hz, 1H), 2.44 (t, J = 6.9 Hz, 2H), 2.07–1.92 (m, 2H), 0.99 (d, J = 

6.9 Hz, 3H), 0.98–0.93 (m, 3H), 0.92 (d, J = 6.7 Hz, 3H); 13C NMR (75 MHz, 

CD3OD, δ): δ = 176.7, 176.4, 141.6, 138.8, 129.9, 68.9, 61.7, 58.3, 54.6, 53.4, 38.0, 

38.1, 33.3, 32.9, 25.2, 19.8, 18.5, 17.8; ATR-FTIR: 3310, 3075, 2955, 1643, 1511, 1464 

cm−1; HRMS (ESI) m/z: [3b + H]+ calcd for C36H57N7O3, 636.4601; found, 

636.4605. 

General Procedure for the Immobilization of Tributylamine. 

Resin 5: Merrifield resin 4 (microporous, 1% DVB cross-linking, 3.9 mmol g−1 

Cl loading) (0.600 g, 2.340 mmol) was introduced in a 12 mL vial. The polymer was 

swelled with DMF (3 mL), and tributylamine (0.867 g, 4.680 mmol) was added to the 

resultant suspension. The vial was introduced in an orbital agitator and heated to 60 

°C with a constant agitation of 150 rpm. After 12 h of reaction, the functionalized 

resin was filtered and washed with DMF, MeOH, and CH2Cl2. The final material was 

dried overnight under reduced pressure at 50 °C. Yield: 92%. The degree of 

functionalization (DF) was determined by RAMAN, FTIR, and EA. The presence or 

absence of chloromethyl groups was also evaluated by the NBP test. TGA analyses 

revealed the thermal stability of the materials. See the Supporting Information for 

detailed characterisation. 
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General Procedure for the Immobilization of 3. 

Synthesis of 6f: Resin 4 (0.090 g, 0.351 mmol) was introduced in a 12 mL vial. The 

polymer was swelled with DMF (2 mL), and DIPEA (0.045 g, 0.351 mmol) was added 

to this suspension. Compound 3b (0.223 g, 0.351 mmol) was separately dissolved in 

DMF (1 mL) and then added to the vial containing the polymer. The vial was 

introduced in an orbital agitator and heated to 80 °C with a constant agitation of 150 

rpm. After 18 h of reaction, the resin was filtered and washed with DMF, MeOH, 

and CH2Cl2. The final material was dried overnight under reduced pressure at 50 °C. 

Yield: 95%. The DF was determined by RAMAN, FTIR, and EA. The presence or 

absence of chloromethyl groups was evaluated by the NBP test. TGA analyses 

revealed the thermal stability of the materials. See the Supporting Information for 

detailed characterisation of the resins. 

Characterisation of the resins. 

 

Resin 5a. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: absence of band at 1264 cm-1. RAMAN: 

absence of band at 1268 cm-1. Negative NBP Test. Decomposition temperature: 180 

ºC (TGA). Elemental analysis theoretical %N = 3.2, experimental = 3.3. IR bands: 

3024, 2953, 1480, 1376, 863. Raman bands: 3063, 2923, 1610, 1193, 1005. 

 

Resin 5b. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: presence of band at 1264 cm-1. RAMAN: 

presence of band at 1268 cm-1. Positive NBP Test. Decomposition temperature: 181 

ºC (TGA). Elemental analysis theoretical %N = 2.9, experimental = 2.5. IR bands: 

3024, 2953, 1480, 1376, 1264, 863. Raman bands: 3063, 2923, 1610, 1268, 1193, 1005. 

 

Resin 5c. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: presence of band at 1264 cm-1. RAMAN: 

presence of band at 1268 cm-1. Positive NBP Test. Decomposition temperature: 182 
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ºC (TGA). Elemental analysis theoretical %N = 2.5, experimental = 2.0. IR bands: 

3024, 2953, 1480, 1376, 1264, 863. Raman bands: 3063, 2923, 1610, 1268, 1193, 1005. 

 

Resin 5d. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: presence of band at 1264 cm-1. RAMAN: 

presence of band at 1268 cm-1. Positive NBP Test. Decomposition temperature: 215 

ºC (TGA). Elemental analysis theoretical %N = 2.0, experimental = 1.7. IR bands: 

3024, 2953, 1480, 1376, 1264, 863. Raman bands: 3063, 2923, 1610, 1268, 1193, 1005. 

 

Resin 5e. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: presence of band at 1264 cm-1. RAMAN: 

presence of band at 1268 cm-1. Positive NBP Test. Decomposition temperature: 227 

ºC (TGA). Elemental analysis theoretical %N = 1.3, experimental = 0.9. IR bands: 

3024, 2953, 1480, 1376, 1264, 863. Raman bands: 3063, 2923, 1610, 1268, 1193, 1005. 

 

Resin 6b. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: absence of band at 1264 cm-1. RAMAN: 

absence of band at 1268 cm-1. Negative NBP Test. Decomposition temperature: 183 

ºC (TGA). Elemental analysis theoretical %N = 4.6, experimental = 3.4. IR bands: 

3024, 2953, 1664, 1480, 1376, 854. Raman bands: 3063, 2923, 1610, 1193, 1005. 

 

Resin 6c. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: absence of band at 1264 cm-1. RAMAN: 

absence of band at 1268 cm-1. Negative NBP Test. Decomposition temperature: 186 

ºC (TGA). Elemental analysis theoretical %N = 6.9, experimental = 4.9. IR bands: 

3024, 2953, 1664, 1480, 1376, 854. Raman bands: 3063, 2923, 1610, 1193, 1005. 

 

Resin 6d. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: absence of band at 1264 cm-1. RAMAN: 

absence of band at 1268 cm-1. Negative NBP Test. Decomposition temperature: 235 



Immobilized Supramolecular Systems as Efficient Synzymes 

242 

ºC (TGA). Elemental analysis theoretical %N = 8.6, experimental = 5.5. IR bands: 

3024, 2953, 1664, 1480, 1376, 854. Raman bands: 3063, 2923, 1610, 1193, 1005. 

 

Resin 6e. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: absence of band at 1264 cm-1. RAMAN: 

absence of band at 1268 cm-1. Negative NBP Test. Decomposition temperature: 273 

ºC (TGA). Elemental analysis theoretical %N = 9.9, experimental = 4.8. IR bands: 

3024, 2953, 1664, 1480, 1376, 854. Raman bands: 3063, 2923, 1610, 1193, 1005. 

 

Resin 6f. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: absence of band at 1264 cm-1. RAMAN: 

absence of band at 1268 cm-1. Negative NBP Test. Decomposition temperature: 430 

ºC (TGA). Elemental analysis theoretical %N = 11.4, experimental = 4.3. IR bands: 

3024, 1660, 1443, 810. Raman bands: 3063, 2923, 1610, 1193, 1005. 

 

Resin 7b. This material was synthesized following the experimental procedure 

described in the main manuscript. IR: absence of band at 1264 cm-1. RAMAN: 

absence of band at 1268 cm-1. Negative NBP Test. Decomposition temperature: 188 

ºC (TGA). Elemental analysis theoretical %N = 4.3, experimental = 3.9. IR bands: 

3024, 2953, 1670, 1460, 1376, 857. Raman bands: 3063, 2923, 1610, 1193, 1005. 

 

General Procedures for CO2 Fixation with Epoxides. 

The desired resins (≈0.5 mol% for the loading of chloride anion) and the 

epoxides were added into a twin-necked round bottom flask at room temperature. 

Then, the system was purged with three CO2 balloons. Fresh CO2 was charged in the 

reactor with two additional balloons and the flask was placed into an oil bath at 100 

°C. After the reaction was completed and cooled at room temperature, the excess 

CO2 was vented. The crude product was separated through filtration. The conversion 

of epoxides to cyclic carbonates was obtained by 1H NMR (Bruker 400 MHz), and 

the selectivity for cyclic carbonates was always >99.9%. 
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Recycling Study. 

After the reaction, the catalyst was recovered by filtration, washed with ethanol, 

and dried overnight under reduced pressure. Afterward, the resin was used for the 

next run without further treatment. The same study was performed for five runs. 

Molecular Modeling. 

Lowest energy conformations for the different species considered were 

calculated at the MMFF level of theory using Spartan08.58,59 The stationary points 

were confirmed by subsequent frequency calculation. All vibrational frequencies were 

positive. See the Supporting Information for detailed computational data. 

 

6.1.4. Results and discussion 

6.1.4.1. Synthesis of the Pseudopeptidic Macrocycles 

We have recently reported organocatalytic synzymatic systems based on 

pseudopeptidic macrocycles bearing in their structure hydrogen bond donor (HBD) 

and Lewis-basic groups.36 This bioinspired approach was highly active in the 

cycloaddition of CO2 to epoxides, as the pseudopeptides were able to optimally pre-

organize the reaction components in a confined space, favouring their reaction. 

Nonetheless, large amounts of co-catalysts acting as nucleophilic source are generally 

needed for such supramolecular systems, resulting in separation hurdles and 

increased waste.37 Thus, we envisaged that modifying the structure of the 

pseudopeptidic macrocycles by adding a pendant arm could enable their 

immobilization on a solid resin jointly with a nucleophilic source, reducing such 

limitations and providing the added advantages associated with immobilized 

catalysts. 

The syntheses of the macrocycles were carried out (Scheme 6.1) by reacting the 

pseudopeptidic tripodal reagent 1 with aromatic species bearing bromomethyl 

groups, namely, 1,2,4,5-(tetrakisbromomethyl)benzene (2a) or bis(4-
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(bromomethyl)phenyl)methane (2b). These macrocyclization reactions were a major 

challenge, as the intramolecular macrocycle formation competes with other 

intermolecular reactions.38 The use of high-dilution techniques,39 although reducing 

this problem, only allowed the isolation of the desired [1+1] macrocycles with 16% 

and 34% yield, for 3a and 3b, respectively. 

 

Scheme 6.1. Macrocyclization reaction between 1 and the two aromatic compounds. 

Reaction conditions (i) 3 mM for 1, 3 mM for 2a, and 18 mM of Cs2CO3 in CH3CN at 82 

ºC (reflux) for 3 h. (ii) 3 mM for 1, 3 mM for 2b, and 18 mM of Cs2CO3 in CH3CN at 82 ºC 

(reflux) for 3 h. 

Inspired by previous works on templated macrocyclizations,40,41,42 we decided 

to investigate if the addition of anionic species to the reaction medium could result 

in any improvement in the yields. Thus, when 1 (3 mM in CH3CN) was reacted with 

2b (3 mM in CH3CN) in the presence of 10 equivalents of Bu4NBr (30 mM in 

CH3CN), a final yield of 48% was attained. Evaluating the kinetic profile of the 

untemplated and templated reactions, faster conversions for 2b were obtained in the 

presence of the 10 equivalents of the bromide salt (Figure S6.1). The kinetic 

enhancement can be explained by the enhanced nucleophilicity of the terminal amino 

groups when the anion is hydrogen bonded to the N-H amide fragments in 

substitution of the amino groups. On the other hand, this interaction of the amide 

groups with the anion favours the appropriate folding of the open-chain 

intermediate, approaching the two reactive ends in a template effect.43 However, in 
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the case of 2a, no improvement was attained. The molecular models of the open-

chain reaction intermediates for both macrocyclizations suggested important 

differences regarding the template effect of the bromide anion (Figure S6.2). The 

bromide anion triggered a positive effect, in the case of 3b, reducing the distance 

between the reactive groups (see ESI Figure S6.2c vs. S6.2d), whereas for 3a the 

H2N···CH2Br distance was larger in the presence of the bromide than in its absence 

(Figure S6.2a and S6.2b). 

6.1.4.2. Evaluation of the Macrocyclic Systems as Catalysts under 

Homogenous Conditions 

The obtained pseudopeptidic macrocycles were assayed as catalysts in the 

cycloaddition of CO2 to styrene oxide. Different tetrabutylammonium salts were 

selected as the nucleophile source, with all reactions being carried out under 

solventless conditions. Table 6.1 shows the results obtained for the different systems 

studied. Moderate yields were obtained when the reaction was performed in the 

presence of 1 mol% of Bu4NCl or Bu4NI (Entries 1 and 2, Table 6.1). Adding 0.1 

mol% of 3a or 3b to 1 mol% of Bu4NCl resulted in a 1.7- and 1.8-fold increase in 

yields, respectively (Entries 1, 3 and 4, Table 6.1).  

Table 6.1. Screening of 3/Bu4NX mixtures for the reaction between styrene oxide and CO2 
to afford styrene carbonate.a 

Entry 
Bu4NX 

(mol%) 

Macrocycle 

(mol%) 

Yield 

(%)b 

TON 

(Bu4NX) 

TON 
(3) 

1 X = Cl, (1) - 65 65 - 

2 X = I, (1) - 49 49 - 

3 X = Cl, (1) 3a (0.1) 81 81 810 

4 X = Cl, (1) 3b (0.1) 90 90 900 

5 X = I, (1) 3a (0.1) 52 52 520 

6 X = I, (1) 3b (0.1) 56 56 560 

7 X = Cl, (0.1) - 16 160 - 

8 X = Cl, (0.1) 3b (0.1) 36 360 360 

a 500 μL styrene epoxide (4.35 mmol), p(CO2)= CO2 balloon, 100 ºC, 5 h. b Yields determined 

by 1H NMR, selectivity for styrene carbonate was >99.9 % in all cases.  
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These results corresponded to turnover number (TON) values higher than 800 

in the presence of the macrocycles. On the other hand, no significant improvement 

was observed when mixing the pseudopeptidic macrocycles with the iodide salt (see 

Entries 2, 5, and 6 in Table 6.1). This poor catalytic activity in the presence of iodide 

anion was assigned to its lower basicity, preventing the formation of hydrogen bonds 

with the pseudopeptides.36 The most active catalytic system (Bu4NCl + 3b), 

promoted a ≈2.3-fold increase in yields at lower catalytic loadings, although the yields 

for the desired organic carbonates were low for the reaction times studied (Entries 7 

and 8 in Table 6.1). Slightly higher TON values were reported for macrocycles related 

to 3a but lacking the pendant arm.36 However, it must be noted that catalytic activity 

was sensitive to the macrocycle size, with best results obtained for the smallest 

cavities (TON = 930 for the macrocycle having three methylene groups in the spacer 

linking the two amino acid moieties). The introduction of the pendant arm requires 

the use of a larger diethylene amino spacer, comparable in length with the macrocycle 

containing five methylene groups in the spacer. In this specific case, the obtained 

TON value was 790, confirming a slightly improved catalytic behaviour for 3a (TON 

= 810). 

As the epoxide can also interact with HBD sites, the presence in the macrocycles 

of basic amino groups can play a key role in the catalytic cycle. Lewis bases are well 

known as CO2 fixation species, activating the carbon dioxide molecule by formation 

of the corresponding carbamate.44,45 Therefore, macrocycles 3 could act as efficient 

synzymatic systems in a similar way to the one previously described for related 

pseudopeptidic systems, contributing to organize in close proximity and with an 

appropriate orientation of the different substrates and catalytic elements.36 Figure 6.1 

depicts a plausible mechanism for the cycloaddition of CO2 to styrene oxide in the 

presence of 3b.46 The first step should be the formation of the active supramolecular 

host–guest adduct between the halide anion and the macrocycle (A). In the presence 

of an excess of styrene epoxide, a new supramolecular adduct can be formed through 

the interaction of the lone pairs of the oxygen with one of the HBD fragments (B). 

This facilitates ring opening at the epoxide through the attack of the chloride anion. 
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The alkoxylate intermediate formed can be stabilized by hydrogen bonding to the 

amide groups (C). The amine fragments in the structure (one primary, two secondary, 

and one tertiary) can fix the CO2 near the formed alkoxylate (species D). The attack 

of the nucleophilic oxygen atom of the alkoxylate to the activated carbon dioxide 

molecule would form a carboxylate intermediate, which again should be stabilized by 

the HBD groups (E). Finally, this carboxylate intermediate undergoes a ring-closure 

reaction, releasing chloride as the leaving group, and affording the supramolecular 

complex of the carbonate (F) that finally liberates styrene carbonate with the 

recovering of the initial complex A. 

 

Figure 6.1. Postulated mechanism for the cycloaddition of CO2 to styrene oxide in the 

presence of 3b and chloride anion. The carbon dioxide molecule has been highlighted in 

pink. The macrocyclic structure is drawn in black, whereas the molecular structures of 

styrene oxide, styrene carbonate, and their relative intermediates have been marked in blue. 
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The potential supramolecular interactions in this system were studied in more 

detail for 3b, the macrocycle displaying the higher catalytic activity.1H NMR titration 

experiments with Bu4NCl, using benzene-d6 as solvent,47 revealed an association 

constant of 218 ± 1 m−1, suggesting a tight host-guest interaction between the basic 

chloride anion and the pseudopeptidic structure. The signals of the acidic amide 

protons of the macrocycle shifted ≈0.6 ppm downfield indicating a strong hydrogen 

bonding (Figure S6.3a, Supporting Information).48 A noteworthy downfield shift was 

also experienced by the aromatic and benzylic protons as well as by the protons of 

the stereogenic carbon atoms (Figure S6.3b, Supporting Information), suggesting 

that the chloride anion was located within the cavity. Thus, the resulting 

supramolecular system contains an efficient nucleophile and HBD groups that could 

also contribute to stabilize the anionic reaction intermediates formed after the ring-

opening step.46 To explore this issue, alkoxylate and carboxylate species, structurally 

connected to the expected intermediates were prepared as their tetrabutylammonium 

salts (Scheme S6.1, Supporting Information).49  

 

Figure 6.2. Partial 1H NMR spectra for Bu4NOOCPh and Bu4NOPh in the absence (red 

and light blue spectra, respectively) and presence (green and purple spectra, respectively) of 

3b. All experiments were carried out in a 400 MHz instrument, using C6D6 as the solvent. 

Concentrations: 10 mM for the tetrabutylammonium salts and 1 mM for 3b. Relevant shifts 

have been marked with arrows. 

Bu4NOOCPh

Bu4NOOCPh + 3b

Bu4NOPh + 3b

Bu4NOPh

Bu4N
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The 1H NMR spectra obtained in C6D6 for mixtures containing a 10:1 ratio of 

the corresponding tetrabutylammonium salt and 3b are presented in Figure 6.2. The 

signal for the protons in ortho position to the anionic group experienced the biggest 

shift in the presence of the host. The upfield shift was more significant in the 

alkoxylate than for the carboxylate (Δδ = −0.14 vs −0.05 ppm), following the basicity 

trend. Some differences were also noted for the signals of macrocycle 3b (Figure 

S6.4, Supporting Information), though the shifts were less pronounced. Besides, the 

host-guest [3b-Bu4NOOCPh] complex was stable enough as to be characterised by 

high-resolution mass spectrometry (HRMS) (ESI−), showing a peak at 756.4823 m/z 

with an excellent correlation with the isotopic pattern predicted for the host-guest 

adduct C43H62N7O5
− (Figure S6.5, Supporting Information). These data confirm the 

potential of 3b to form supramolecular complexes with the different anionic species 

of the catalytic cycle. 

6.1.4.3. Immobilization of the Macrocycles on Hydrophobic Supports 

The structure of macrocycles 3 contains primary amine groups (also secondary 

amine groups in 3b), which allowed their immobilization onto polystyrene-

divinylbenzene (PS-DVB) gel type Merrifield resins through substitution reactions 

using the -CH2-Cl as the grafting linker. The insoluble PS-DVB backbone facilitates 

that, upon immobilization, the catalytic system could be easily separated from the 

reaction products and reused in consecutive catalytic cycles. Furthermore, these 

Merrifield resins have been proved to allow the development of multifunctional 

heterogenous systems.50 Such multifunctional materials can display the two 

components needed for the catalytic system, namely, the macrocycle and the 

nucleophilic source (i.e., the chloride salt). Finally, the PS-DVB matrix provides the 

confinement of the catalytic system in a hydrophobic microenvironment. Thus, the 

solid matrix can mimic the effect of a hydrophobic solvent like toluene, favouring 

the corresponding supramolecular host-guest interactions between the immobilized 

macrocycle and anionic species.6 
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The synthetic protocol was based on a two-step immobilization (Scheme 6.2).50 

First, a controlled amount of tributylamine was allowed to react with the 

chloromethyl groups of the support to form the corresponding ammonium salt. The 

resulting chloride counterions could serve as active nucleophiles for the catalysis. To 

optimize the loading and ratio of the two functional sites, polymer 4 (3.9 mmol Cl 

g−1 of resin) was reacted with 1, 0.9, 0.7, 0.5, and 0.3 equivalents of tributylamine, 

obtaining ammonium-derived resins 5a, 5b, 5c, 5d, and 5e. Elemental analyses 

showed a good correlation between the experimental and the theoretical nitrogen 

content obtained for this initial step (Table S6.1, Supporting Information). 

 

Scheme 6.2. Synthesis of the bifunctional polymeric materials. i) Reaction conditions: 

DMF, 60 °C, 150 rpm, 12 h. ii) Reaction conditions: DMF, 1 eq. DIPEA, 80 °C, 150 rpm, 

18 h. The first step corresponds to the functionalization of the Merrifield resin (4) with 

increasing amounts of tributylamine. The second step corresponds to the immobilization of 

the macrocyclic pseudopeptides 3. X and Y values have been determined by elemental 

analyses, RAMAN, and FTIR spectroscopy. 

The immobilization of the macrocycles was performed in a similar manner, 

adding the equivalents needed for a complete conversion of the remnant 
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chloromethyl groups. The reaction course was followed by Fourier transform 

infrared spectroscopy-attenuated total reflection (FTIR-ATR) and RAMAN 

spectroscopy,51 observing the disappearance of the characteristic signals for the 

chloromethyl groups (Figures S6.6 and S6.7, Supporting Information). The 

appearance of bands characteristic of the functional groups present in the 

macrocycles was observed in the FTIR-ATR spectra, as is, for instance, the intense 

band at 1664 cm−1 for the CO-NH amide I absorption band (Figure S6.6, Supporting 

Information). Colorimetric NBP (4-(para-nitrobenzyl)pyridine) tests were also 

performed to confirm the absence of chloromethyl groups for all the resins (Figure 

S6.8, Supporting Information).52 Experimental macrocycle loadings obtained by 

elemental analyses were lower than those calculated for quantitative transformations 

(Table 6.2). This can be related with cross-linking processes happening during the 

immobilization of multifunctional compounds.53  

Table 6.2. Loading and swelling studies for the different resins synthesized. 

Entry Resin 
Theoretical 3 

(%) loading 

Experimental 3 

(%) loading 

Anchoring 

(%) 
Swelling 

(%)b,c 

1 5a 0 0 100 53 

2 6b 23 17 73 11 

3 6c 38 27 70 8 

4 6d 48 31 65 2 

5 6e 70 34 48 0 

6 6f 100 38 38 2 

7 7b 23 21 91 28 

a Values have been calculated using the %N values obtained in the elemental analyses of the 
resins. b Swelling measured in styrene oxide, using optical microscopy. c Values measured as: 
[(Sizewet − Sizedry)/Sizedry × 100]. 

In this regard, 3a and 3b present several amine groups that could react with the 

-CH2-Cl fragments in the polymer producing the grating of the macrocycle by 

multiple sites.54 In agreement with this, the reaction of 3b and 1 equivalent of 

chloromethyl benzene (dimethylformamide (DMF), 18 h, 80 °C) afforded a complex 

mixture of N-benzylation products, as detected by electrospray ionization mass 

spectrometry (ESI-MS) and 1H NMR (Figure S6.9, Supporting Information). This 
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additional cross-linking was confirmed by swelling studies in styrene oxide (Table 

6.2) revealing a decrease in swelling with the incorporation of the macrocycle, 

particularly relevant for higher functionalization degrees (Figure S6.10, Supporting 

Information). It must be noted that an additional noncovalent cross-linking can be 

achieved in these multifunctional polymers through supramolecular interactions 

between the macrocycle and the chloride-supported anion. Interestingly, the cross-

linking detected was lower for 3a than for 3b (Entries 2 and 7 in Table 6.2), as 

corresponds to the lower nucleophilicity of the tertiary amino groups in 3a. 

Thermogravimetric analysis (TGA) of the functionalized resins revealed that all 

the polymers were stable until temperatures > 170 °C. Therefore, the catalytic activity 

of all these materials could be assayed at 100 °C without any associated 

degradation/decomposition issue. 

6.1.4.4. Heterogenous Catalysis Experiments 

To test the efficiency of those immobilized catalysts, the cycloaddition of CO2 

to styrene oxide was performed under identical experimental conditions than those 

used for the homogenous systems (Table 6.3). As expected, the Merrifield resin 4 

was not able to promote the formation of the desired styrene carbonate (Entry 1, 

Table 6.3). In the same way, resin 6f containing the supported macrocycle but not 

chloride, only produced traces of the product (Entry 4, Table 6.3). Entries 2 and 3 in 

the table show that the supported tetraalkylammonium salt by itself can trigger the 

process, although with modest yields (<35%). To our delight, the multifunctional 

material 6b achieved a 2.2-fold increase in the yield relative to 5a (Entries 3 and 5, 

Table 6.3). A progressive increase in yield was observed when raising the loading of 

supported macrocycle, reaching a 79% yield for resin 6e (Entries 5-8). Despite the 

lower yields, the catalytic results for 6b were remarkable, as the TON values for Cl− 

and 3b were 86 and 411, respectively, and the productivity for the process was 4.42 

gprod/gresin h. 
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Table 6.3. Catalytic results for the different macrocycle: tetraalkylammonium supported 
resins in the cycloaddition of CO2 to styrene oxide. 

Entry Resin 
Cl-  

(mol%)b 

3  

(mol%)b 

Yield  

(%)c 

TON 

(Cl-) 

TON 

(3) 

Productivity  

(gprod/gresin·h)d 

1 4 1 - 0 - - 0 

2 5a 1 - 31 31 - 2.03 

3 5a 0.50 - 17 34 - 2.22 

4 6f - 0.19 2 - 4 0.26 

5 6b 0.43 0.09 37 86 411 4.42 

6 6c 0.44 0.19 44 100 232 3.86 

7 6d 0.52 0.31 69 133 223 4.50 

8 6e 0.50 0.57 79 158 139 3.33 

9 7b 0.43 0.12 85 198 709 10.16 

a 500 μL styrene epoxide (4.35 mmol), p(CO2)= CO2 balloon, 100 ºC, 5 h. b Catalytic loading 
relative to styrene oxide. Unless stated in the table, all experiments were carried out at ≈0.5 
mol% chloride anion, readjusting the mass of resin weighted. c Yields determined by 1H NMR, 

selectivity for styrene carbonate was >99.9 % in all cases. d Calculated considering the yield, 
the mass of resin introduced, and the reaction time. 

Resin 7b derived from 3a rendered higher yields than resins 6 (Entry 9 vs Entry 

5, Table 6.3). In this case, the lower degree of cross-linking can allow for a better 

diffusion of the reagents and, additionally, the anchored macrocycle displays a higher 

conformational preorganization. For 7b, the productivity achieved was as high as 

10.16 gprod/gresin h, with TON values of 198 for Cl− and 709 for 3a. Therefore, the 

supported organocatalytic system 7b was very active in this process, overcoming the 

low reactivity of styrene oxide even under mild conditions (CO2 balloon and 100 °C). 

Comparing this system with other supramolecular heterogenous catalysts reported 

for the cycloaddition of CO2 to styrene oxide, 7b promoted higher TON and 

turnover frequency (TOF) values at lower CO2 pressures (Table S6.2 and Figure 

S6.11, Supporting Information). 

To probe the importance of the cooperativity of the functional sites confined 

in the multifunctional resin, a control experiment was carried out using a polymer 

cocktail,55 prepared by mixing 5a and 6f in a 1:1 molar ratio (Figure 6.3). In this 

system, the direct interaction between functional groups in two different solid phases 
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is not possible.56, 57 Thus, under the same conditions reported in Table 6.3, the yield 

for the desired carbonate was only 18%, which is comparable to the result obtained 

for 5a alone (Entry 3 in Table 6.3). This result confirms the relevance of the 

heterogenous synzymatic system proposed, allowing a close proximity of the 

functional groups involved in the catalytic cycle (Figure 6.3). 

 

Figure 6.3. Schematic representation of the polymeric chains of the support for a) resins 5a 

and 6f mixed separately in the reactor; b) multifunctional resin containing the supported 

macrocyclic structure and tetraalkylammonium chloride moieties (6b–6e and/or 7b). 

Colour code: red circles for macrocycles 3, green balls for ammonium chloride salt, pink 

circles and yellow balls represent the activated 3:Cl− supramolecular complex. 

Given the heterogenous nature of these multifunctional supramolecular 

organocatalysts, a straightforward recovery protocol was designed (Figure 6.4a). 

After 5 h of reaction, the polymeric beads of 7b were filtered from the reaction crude 

and washed with EtOH. After drying the resin for 24 h at 50 °C and reduced pressure, 

it could be reused in the cycloaddition of CO2 to styrene oxide without any apparent 

loss of activity (Figure 6.4b). The integrity of the catalyst was studied using IR 

spectroscopy, confirming that neither the reagents/products nor the intermediates 

were adsorbed in the material (Figure S6.12, Supporting Information). 

+

a)

b)
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Figure 6.4. a) Recyclability protocol designed for resin 7b, based on filtering, washing with 

ethanol, and drying under vacuum. b) NMR yields obtained for the desired styrene 

carbonate in successive runs. Reaction conditions: 500 µL styrene epoxide (4.35 mmol), 12 

mg of resin (0.43 mol% in Cl−), p(CO2) = CO2 balloon, 100 °C, 5 h. 

To test the general applicability of 7b, several epoxides were evaluated under 

the optimized reaction conditions. The substrate scope included internal and terminal 

epoxides, with well-differentiated reactivity (Figure 6.5). Results confirmed that the 

immobilized supramolecular system promotes quantitative yields for the most 

reactive propylene and butylene oxide. Besides, excellent results were also achieved 

for other terminal epoxides such as glycidol, epichlorohydrin, and phenyl glycidyl 

ether (TOF values of 166 h−1).  

 

Figure 6.5. Substrate scope in the presence of resin 7b. Reaction conditions: 500 µL of 

epoxide, 0.43 mol% in chloride anion for 7b, p(CO2) = CO2 balloon, 100 °C, 5 h. 
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The multifunctional heterogenous synzyme was also able to afford high yields 

for the less reactive 1,2-epoxyhexane (84% in 5 h). When the activity of 7b was 

examined for an internal epoxide like cyclohexene oxide, a 12% yield was obtained. 

This result is in good accordance with the lower reactivity of such internal epoxides. 

 

6.1.5. Conclusions 

A series of novel pseudopeptidic macrocycles bearing pendant arms in their 

structure have been synthesized. These compounds presented a high capacity for 

supramolecular interactions and interesting catalytic properties in the homogenous 

cycloaddition of CO2 to styrene oxide, in the presence of halide anions. The rationale 

design of the pseudopeptides allowed for their immobilization on hydrophobic 

supports, along with ammonium chloride fragments, which provided an excellent 

catalytic performance of the resulting multifunctional systems. Comparing the 

homogenous results with the heterogenous ones, an opposite trend was observed for 

compounds 3a and 3b. Whereas 3b was the most active in homogenous phase, 3a 

provided better results upon immobilization. This can be associated with the higher 

cross-linking afforded by the immobilization of 3b¸ decreasing the diffusion 

efficiency of the reagents and products through the polymeric matrix. The most 

active material 7b was tested for a wide-range of terminal epoxides, resulting in TOF 

values higher than 130 h−1 in all cases, despite the low pressures of CO2 used. 

Moreover, the catalyst could be recycled and reused without apparent loss of activity, 

for at least five runs, decreasing the environmental impact of the system. 
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6.2. Supporting information 

 
Figure S6.1. Kinetic profiles (reverse phase HPLC) obtained for the conversion of 2b. 

Conversions determined with a predetermined calibration curve for 2b. Reaction 
conditions: CH3CN (3 mM), 82 ºC (reflux), 6 equivalents of Cs2CO3. 

 

 

 
Figure S6.2. Most stable conformation obtained for the reaction intermediates of the 

macrocyclization process in the presence (a and c) and absence (b and d) of bromide anion. 
Reaction intermediates for 3a (a and b) and for 3b (c and d). Distances between the reactive 

groups (H2N···CH2Br) have been highlighted in red. Molecular models calculated using 
Spartan08’ at the MMFF level of theory. 
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Figure S6.3. H NMR titration experiments for 3b (0.5 mM in C6D6, 400 MHz, room 

temperature) using increasing amounts of NBu4Cl (80 mM in C6D6). a) Partial 1H NMR 
spectra highlighting the downfield shift experienced by the amide protons; initial and final 
positions marked with a red line. b) Downfield shift experienced by other characteristic 

protons of 3b. The protons studied have been highlighted with different colours. 

Dd > 0,6 ppm

0 eq. Cl-

0.7 eq. Cl-

53 eq. Cl-

1.8 eq. Cl-

4.4 eq. Cl-

17.7 eq. Cl-

a)

0 10 20 30 40 50

0,00

0,05

0,10

0,15

0,20

 

 

D
d
 (

p
p

m
)

Cl
-
 eq.

 CH
chiral

 CH
ar1

 CH
ar2

 CH2benzylic1

 CH2benzylic2

b)



Chapter 6 

 

265 

 
Scheme S6.1. Synthesis of the tetrabutylammonium salts of the analogues of the anionic 

intermediates: Bu4NOPh and Bu4NOOCPh. The water formed in the reaction was 
removed by evaporation at 80 ºC under reduced pressure. 

 

 

 

 

 

 
Figure S6.4. Partial 1H NMR (400 MHz, C6D6) spectra for the following 1 mM solutions of 

3b: alone (red spectrum); + 10mM Bu4NOPh (green spectrum); + 10 mM in 
Bu4NOOCPh (dark blue spectrum). The different signals have been colour coded in 

agreement with colours assigned to the hydrogen atoms in the structures. 
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Figure S6.5. HRMS (ESI-) analysis of a 1:10 mixture 3b : Bu4NOOCPh in methanol. 

Below: experimental mass spectrum. Above: predicted mass spectrum for the 
supramolecular complex. 

 

 

 

 

 
Table S6.1. Elemental analysis (EA) results for the immobilization of tributylamine on the 

Merrifield resin 4 (3.9 mmol Cl/g).a)  

Entry Resin Eq. tributylamine EA N(%) Theoretical N(%) 

1 4 0 0 0 

2 5a 1 3.3 3.2 

3 5b 0.9 2.5 3.0 

4 5c 0.7 2.0 2.5 

5 5d 0.5 1.7 2.0 

6 5e 0.3 1.0 1.3 
a) The theoretical values have been calculated assuming that all the equivalents added of 
tributylamine were anchored on the support. 
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Figure S6.6. ATR-FT-IR partial spectra for the multifunctional resin 6d (purple), the 

starting Merrifield resin 4 (red) and the intermediate resin 5d (green). The disappearance of 
the band at 1264 cm-1 for chloromethylated groups and the appearance of the band at 1664 

cm-1 for the pseudopeptidic macrocyclic fragments have been highlighted in orange. The 
composition in DVB, PS and in the two catalytic species has been included. 

 

 

 
Figure S6.7. Partial RAMAN spectra for the multifunctional resin 6d (purple), the starting 
Merrifield resin 4 (red) and the intermediate resin 5d (green). The disappearance of the C-Cl 
band at 1268 cm-1 has been highlighted in orange. The composition in DVB, PS and in the 

two catalytic species has been included. 
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Figure S6.8. NBP tests for a) 4, b) 5d and c) 6d. The appearance of a purple colour in the 

resin beads is indicative of the presence of chloromethyl groups in the polymeric beads. 

 

 

 
Figure S6.9. a) Homogenous reaction between 3b and chloromethyl benzene in DMF (80 

ºC for 18 h). b) 1H NMR (400 MHz, CD3OD) spectrum for the reaction crude of the 
substitution reaction between 3b and chloromethyl benzene. Peaks corresponding to 

residual solvents have been marked with red crosses. c) HRMS (ESI+) for the reaction 
crude of the substitution reaction between 3b and chloromethyl benzene. Monocationic and 
dicationic peaks corresponding to the mono- and disubstituted species highlighted in green 
and red, respectively; only one of the possible substitution isomers has been indicated in the 

generic structures depicted. 
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Figure S6.10. Particle size histograms obtained by optical microscopy in the swelling 

experiments for the different resins in styrene oxide (SO). Resins: a) 4, b) 5a, c) 6b , d) 6c, 
e) 6d, f) 6e, g) 6f, and h) 7b. Total counts >150 in all cases. 
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Table S6.2. Comparison of the efficiency for some of the best reported multifunctional 
polymers as heterogeneous supramolecular catalysts.a) 

Ref. mol% solvent 
T 

(ºC) 
pCO2 

(bar) 
Time 

(h) 
Yield 
(%) 

TON
b) 

TOF 
 (h-1) b) 

Mirabaud 
et al. c),d) 

2 MEK 80 10 18 78 39 2.2 

Dong et 
al.e) 

4 - 100 12 12 95 24 2.0 

Desens et 
al.f) 

2 - 100 10 3 89 45 14.8 

This 
work 

0.12 - 100 balloon 5 85 709 141.8 

a) All the experiments correspond to styrene oxide as substrate. The reported structures have 
been summarized in Figure S11. b) TON and TOF values have been calculated with the data 
supplied in the publications. c) Bu4NI (2 mol%) was used as homogenous co-catalyst. d) A. 
Mirabaud, A. Martinez, F. Bayard, J.-P. Dutasta,, V. Dufaud, New J. Chem. 2018, 42, 16863-
16874. e) T. Dong, Y.-J. Zheng, G.-W. Yang, Y.-Y. Zhang, B. Li, G.-P. Wu, ChemSusChem 
2020, 13, 4121–4127. f) W. Desens, C. Kohrt, M. Frank, T. Werner, ChemSusChem 2015, 8, 
3815–3822. 

 

 

 

 

 

 
Figure S6.11. General structures of the heterogenous supramolecular organocatalysts 

reported for the CO2 cycloaddition to epoxides and included in Table S2. a) Mirabaud et al. 
b) Dong et al. c) Desens et al. 
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Figure S6.12. ATR-IR spectra comparison between a freshly prepared 7b sample (above, 

green) and the resin after reused for 5 cycles (below, red). 
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Figure S6.13. Spectroscopic data for 3a. a) 1H NMR (400 MHz, CD3OD); b) 13C{1H} 

NMR (100 MHz, CD3OD). 

 

 

a)

b)
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Figure S6.14. Spectroscopic data for 3b. a) 1H NMR (400 MHz, CD3OD); b) 13C{1H} 

NMR (100 MHz, CD3OD). 
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7.1. Main text 

7.1.1. Abstract 

A series of multifunctional catalysts based on novel pseudopeptidic [2+2] 

macrocycles have been obtained with high selectivity through the dynamic self-

assembly of the different components into a well-defined individual supramolecular 

species. The coordination of two Zn2+ ions within the chiral cavity leads to octahedral 

homobimetallic complexes able to promote remarkable activities in the cycloaddition 

of CO2 to epoxides even at mild conditions (1 bar CO2 and 60 ºC), without the need 

of any auxiliary co-catalysts. The whole catalytic cycle was dominated by cooperative 

non-covalent forces involving multiple functional sites, displaying an enzyme-like 

catalytic behaviour. In these supramolecular catalysts the zinc cores act as Lewis acid 

sites, while the location of two iodide counterions outside the coordination sphere 

renders active “naked” nucleophiles. The chiral environment associated to the amino 

acid sidechains in this preorganized catalytic system provides recognition sites for 

efficient kinetic resolution. In the case of the sluggish styrene oxide substrate, the 

highest selectivity factor reported to date was attained. 

 

7.1.2. Introduction 

One of the major challenges facing the global chemical community is reducing 

atmospheric carbon dioxide.1 Fortunately, CO2 can be seen as a cheap, abundant, 

and nontoxic substance that can lead, in combination with other simple molecules, 

to added-value chemical products, offsetting the energetic and economic costs of 

CO2 capture.2 Still, its valorisation requires the development of effective catalysts to 

overcome the elevated CO2 thermodynamic stability.3 In this regard, enzymes pave 

the way for an effective and controlled activation and conversion of CO2 under 

moderate conditions, as evidenced during cellular metabolism.4,5 However, several 

critical issues hamper the large-scale implementation of enzymatic systems.6 Thus, 

the design of new active and stable catalysts able to mimic enzymatic behaviours for 

CO2 transformation is of high interest.7,8 A plethora of synthetic supramolecular 
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systems has been proposed as efficient bioinspired catalysts for carbon dioxide 

activation and conversion.6,9 Among the different added-value products that have 

been obtained using CO2, cyclic carbonates (CC) are one of the most popular due to 

their numerous industrial applications.10 CC can be obtained through CO2 

cycloaddition to epoxides, with the most common catalytic approach being the use 

of two-component catalytic systems based on the combination of Lewis acids or 

bases with co-catalysts that act as the nucleophilic source (Figure 7.1a).11 In such two-

component systems, Lewis acid centres activate the C-O bond of the epoxide (Figure 

7.1a1), whereas the presence of Lewis bases facilitates CO2 activation (Figure 

7.1a2).12,13,14 Some host-guest supramolecular two-component systems have also 

been described, under both homogenous and heterogenous conditions, obtaining 

promising results in terms of catalytic activity.15,16,17,18 Nonetheless, it should be noted 

that the most active catalysts of this class operate in the presence of huge excess of 

co-catalysts.19 Addition of such auxiliary components increase the waste in the 

process and demands more purification steps, hindering the industrial application of 

this approach. 

In this regard, the design of one-component catalytic systems based on a single 

molecular or supramolecular species and not requiring any additional co-catalyst is a 

greener aproach representing a current hot topic.20,21 Commonly, the two required 

functional sites are included in the same molecule and connected through covalent 

bonds using chemical spacers that modulate the conformational features of the final 

catalytic species (Figure 7.1b).22,23,24,25,26,27 However, attaining optimally preorganized 

scaffolds involves the use of complex structures that require multistep syntheses and 

tedious purification protocols.28 In addition, most of these one-component systems 

suffer from low activity at mild conditions (i.e., room temperature and 1 bar), needing 

high catalyst loadings to achieve good conversions.29 

Inspired by all these precedents, we envisaged that a suitable design of 

macrocyclic pseudopeptidic Zn(II)-complexes could promote major advantages in 

this research field. We report herein the synthesis of a novel series of multifunctional 

homobimetallic complexes as one-component supramolecular catalysts, bearing 
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within their structure Lewis acid sites (i.e., Zn2+ and amide groups), Lewis basic sites 

(i.e., amine groups), chiral centres (i.e., associated to the amino acid sidechains), and 

activated nucleophiles (i.e., iodide anions). The conformationally constrained 

macrocyclic structure rendered the optimal spatial distribution for cooperation 

between all active sites, showcasing an enzymatic behaviour (Figure 7.1c).30 The 

strong synergic effect between the different functionalities led to remarkable results 

in terms of activity and enantioselectivity, with the catalytic mechanism being 

governed by supramolecular interactions. 

 

Figure 7.1. Schematic representation for the proposed approaches for the catalytic 
cycloaddition of CO2 to epoxides [LA = Lewis acid site, LB = Lewis base, and Nu = 

nucleophile]. a) Two-component catalytic systems. b) Covalently-linked bifunctional two-
component catalysts. c) Multifunctional one-component supramolecular catalysts here 

presented. 

a2) (Nu + LB) 

c) This work : Multifunctional one-component supramolecular catalysts

a) Two-component catalytic systems

Previous work:

b) Covalently-linked bifunctional one-component catalysts

a1) (Nu + LA) 

b1) (Nu···LA) b2) (Nu···LB) 
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7.1.3. Experimental section 

General. 

NMR experiments were carried out at 500, 400 or 300 MHz for 1H and 125, 

100 or 75 MHz for 13C. Chemical shifts are reported in ppm from tetramethylsilane 

using the solvent resonance as the internal standard. Fourier transform infrared 

spectra (FT-IR) were recorded using an attenuated total reflection (ATR) adapter. 

Circular dichroism (CD) spectra were recorded using Peltier set-up for precisely 

controlling the temperature. High resolution mass spectrometry (HRMS) was 

recorded with a Q-TOF instrument. 

Open-chain pseudopeptidic precursors were prepared following literature 

procedures.32 

General procedure for the cycloaddition of CO2 to styrene oxide. 

8.7 mmol of epoxide and 0.0044 mmol (or 0.0087 mmol for 1 mol% 

experiments) of the catalyst were loaded into a Berghof R-300 high-pressure reactor. 

The reaction vessel was then connected to a pressurized CO2 source and a back-

pressure regulator. The system was purged with 2 bar of CO2 for 5 minutes, and the 

final pressure was adjusted to 1 bar. Subsequently, the reaction temperature was risen 

to the desired temperature and kept at that temperature for the desired time, at 200 

rpm stirring. After reaction, the set-up was cooled down to 30 ºC and the excess of 

CO2 was released carefully. At the end of the reaction, an aliquot of the resulting 

mixture was analysed by 1H NMR spectroscopy to determine the conversion and by 

chiral GC to determine the enantiomeric excess of the cyclic carbonate. The 

experimental procedures were replicated for all experiments. The average deviation 

of styrene carbonate formation was less than 5%. 

General procedure for the 1H NMR conversion determination. 

1H NMR spectra were recorded by diluting 20 μL of the reaction crude with 580 

μL of CDCl3. The signals δ (ppm) for SO are: 2.76 (t, 1H), 3.10 (t, 1H), and 3.82 (t, 

1H) for the CH and CH2 groups and 7.22−7.38 (m, 5H) for the phenyl group. The 
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signals δ (ppm) for the cyclic styrene carbonate are: 4.29 (t, 1H) and 4.82 (t,1H) for 

the CH2 (methylene), 5.70 (t, 1H) for the CH (methine), and 7.22−7.38 (m, 6H) for 

the phenyl group. The conversions were measured by NMR integration, considering 

the signals at 5.70 and 3.82 for SO and SC, respectively (see Figure S7.21 for an 

example). 

General procedure for enantiomeric excess determination by GC. 

The enantiomeric purities for the cyclic carbonates were determined by GC 

using a chiral column (SUPELCO 24304 β-cyclodextrin120, 30 x 0.25 x 0.25 FILM). 

The samples were prepared diluting 10 μL of the reaction crude with 990 μL of 

CH3CN. The peak at 30.9 min was assigned to (R)-SC and the peak at 31.2 min was 

assigned to (S)-SC. The peaks of the initial styrene oxide enantiomers appeared at 

11.9 min and 12.1 min for (R)-SO and (S)-SO, respectively. See GC enantiomeric 

excess determination section (Figures S7.22-S7.27) for more details. 

General procedure for IR kinetic experiments. 

In-situ FTIR spectra were measured for the different solvent-less kinetic 

experiments. The temperature (60 ºC) was controlled using a Peltier plate, and the 

CO2 atmosphere was introduced with a balloon (see Figure S7.5 for experimental set-

up). The data collection consisted of measuring an IR spectrum every 5 minutes. The 

conversions were determined using an appropriate calibration curve. 

General procedure for the spectroscopic titration experiments. 

1H NMR (400 MHz) titration experiments were performed by consecutive 

additions of the guest to a solution of the desired host. The concentration of the host 

was kept constant during the experiment. The association constants were determined 

using HypNMR software.60 

Crystal structures. 

Single crystals suitable for X-ray crystallography were obtained by slow 

evaporation of a methanol solution of H2L1. A suitable crystal was selected and 
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mounted on a SuperNova, Dual, Cu at zero, Atlas diffractometer. The structure was 

solved with the SHELXT 2014/561 structure solution program and refined with the 

SHELXL-2018/362 refinement package. Artwork representations were processed 

using MERCURY63 software. The refined structure of H2L1 has been registered in 

CCDC with the deposition number: 2153938.  

Single crystals suitable for X-ray crystallography were obtained for 4-I by slow 

evaporation of MTBE in a THF solution of the organometallic complex. The 

molecular structure was solved and refined as detailed above. The refined structure 

has been registered in CCDC with the deposition number: 2153936.  

See X-ray Characterisation section for more details (see Supplemental CD). 

DFT Calculations. 

DFT calculations were run with Gaussian 09 (revision B.01).64 The X-ray 

geometric structure for 4-I was used as the starting point for building-up the models. 

Geometry optimizations were carried out without symmetry restrictions at the 

B3LYP level,65 using the Lanl2Dz basis set.66 Analytical frequency calculations were 

used to characterise each stationary point as a minimum. These calculations, carried 

out at 298.15 K, also allowed for obtaining the thermal and entropic corrections 

required to calculate Gibbs energy differences. See DFT calculations section for 

energies and more details (see Supplemental CD). 

Syntheses of the macrocyclic pseudopeptidic ligands. 

Synthesis of L1. L-Val-derived bis(aminoamide) (0.230 g, 0.891 mmol, 2 eq.) was 

reacted with 4-tert-Butyl-2,6-diformylphenol (0.192 g, 0.891 mmol, 2 eq.) in the 

presence of Na2SO4, forming a suspension on chloroform (30 mL, 30 mM). After 15 

hour of reaction, 10 mL of methanol were added to the reaction crude and a big 

excess of NaBH4 (16 eq.) was poured into the flask. The resultant white suspension 

was left stirring at room temperature for 2 hours. After removal of the solvent at 

reduced pressure, compound L1 was extracted from the solid using chloroform as 

solvent to yield a yellowish solid (0.298 g, 0.329 mmol, 74% yield). Characterisation: 
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1H NMR (400 MHz, CDCl3, 25 ºC) δ = 7.45 (s, 4H), 6.90 (s, 4H), 3.67 (s, 8H), 3.42 

– 3.31 (m, 4H), 3.23 (d, J = 9.0 Hz, 4H), 2.87 (d, J = 5.3 Hz, 4H), 1.96 (dt, J = 13.1, 

6.7 Hz, 4H), 1.16 (s, 18H), 0.87 (d, J = 6.9 Hz, 12H), 0.80 (d, J = 6.8 Hz, 12H); 

13C{1H} NMR (400 MHz, DMSO-d6, 25 ºC) δ = 173.1, 153.5, 139.8, 124.0, 123.9, 

66.9, 49.0, 38.2, 33.5, 31.6, 19.3, 18.5; FT-IR (ATR): 3278, 3056, 2958, 1646, 1533, 

1458 cm-1. MS-ESI(+) m/z: 865.8 ([M + H]+); 887.7 ([M + Na]+). 

Synthesis of L2. L-Phe-derived ligand (yellowish solid, 1.030 g, 0.936 mmol, 79% 

yield) was synthesized following the protocol described for L1. Characterisation: 1H 

NMR (400 MHz, CD3OD, 25 ºC) δ = 7.38 – 6.92 (m, 20H), 6.79 (s, 4H), 3.57 (d, J 

= 12.9 Hz, 4H), 3.43 (d, J = 12.9 Hz, 4H), 3.33 – 3.24 (m, 4H), 3.16 – 3.00 (m, 12H), 

2.88 (dd, J = 13.5, 6.2 Hz, 4H), 2.76 – 2.64 (m, 4H), 1.09 (s, 18H);13C{1H} NMR 

(400 MHz, CD3OD, 25 ºC) δ = 176.1, 155.2, 142.4, 130.3, 130.2, 127.8, 126.6, 125.3, 

64.5, 50.3, 40.3, 39.9, 34.7, 32.1; FT-IR (ATR): 3285, 3060, 2952, 1655, 1525, 1454 

cm-1. MS-ESI(+) m/z: 1057.6 ([M + H]+); 1079.8 ([M + Na]+). 

Synthesis of L3. D-Phe-derived ligand (yellowish solid, 0.497 g, 0.452 mmol, 75% 

yield) was synthesized following the protocol described for L1. Characterisation: 1H 

NMR (400 MHz, CD3OD, 25 ºC) δ = 7.38 – 6.92 (m, 20H), 6.79 (s, 4H), 3.57 (d, J 

= 12.9 Hz, 4H), 3.43 (d, J = 12.9 Hz, 4H), 3.33 – 3.24 (m, 4H), 3.16 – 3.00 (m, 12H), 

2.88 (dd, J = 13.5, 6.2 Hz, 4H), 2.76 – 2.64 (m, 4H), 1.09 (s, 18H);13C{1H} NMR 

(400 MHz, CD3OD, 25 ºC) δ = 176.1, 155.2, 142.4, 130.3, 130.2, 127.8, 126.6, 125.3, 

64.5, 50.3, 40.3, 39.9, 34.7, 32.1; FT-IR (ATR): 3285, 3060, 2952, 1655, 1525, 1454 

cm-1. MS-ESI(+) m/z: 1057.6 ([M + H]+); 1079.8 ([M + Na]+). 

Synthesis of L4. L-Trp-derived ligand (yellowish solid, 0.075 g, 0.060 mmol, 64% 

yield) was synthesized following the protocol described for L1. Characterisation: 1H 

NMR (400 MHz, CD3OD, 25 ºC) δ = 7.40 (d, J = 8.0 Hz, 4H), 7.18 (d, J = 8.1, 4H), 

6.96 – 6.89 (m, 8H), 6.86 – 6.79 (m, 8H), 6.72 (s, 4H), 3.48 (d, J = 13.0 Hz, 4H), 3.39 

– 3.26 (m, 8H), 3.10 – 2.98 (m, 12H), 2.84 (dd, J = 14.3, 7.7 Hz, 4H), 1.02 (s, 

18H).;13C{1H} NMR (400 MHz, CD3OD, 25 ºC) δ = 176.8, 154.5, 143.0, 138.1, 

128.7, 126.6, 125.1, 124.7, 122.5, 119.9, 119.5, 112.4, 111.2, 63.6, 50.3, 39.9, 34.7, 
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32.1, 29.8; FT-IR (ATR): 3404, 3307, 3057, 2955, 1654, 1524, 1457 cm-1. MS-ESI(+) 

m/z: 1213.7 ([M + H]+); 1235.9 ([M + Na]+). 

Syntheses of the organometallic pseudopeptidic complexes. 

Synthesis of 1. Ligand L1 (0.150 g, 0.165 mmol, 1 eq.) was dissolved in 2 mL of 

MeOH. ZnI2 (0.105 g, 0.330 mmol, 2 eq.) was dissolved in 0.6 mL of MeOH. The 

methanolic solution of the ligand was added to the ZnI2 solution, leading to the 

appearance of abundant white precipitate. The white solid was filtered-off using a 

syringe filter and the resultant colourless solution was dried under reduced pressure 

and at 45 ºC to yield pure 1-I as a white solid (0.175 g, 0.145 mmol, 88% yield). 

Characterisation: 1H NMR (400 MHz, DMSO-d6, 25 ºC) δ = 8.58 (s, 4H), 6.86 (s, 

4H), 4.71 (d, J = 13.1 Hz, 4H), 3.82 (d, J = 7.3 Hz, 4H), 3.76 (dd, J = 13.5, 3.5 Hz, 

4H), 3.25 – 3.18 (m, 8H), 2.94 (d, J = 12.4 Hz, 4H), 2.24 – 2.12 (m, 4H), 1.03 (d, J = 

6.9 Hz, 12H), 0.85 (d, J = 6.9 Hz, 12H); 13C{1H} NMR (400 MHz, DMSO-d6, 25 ºC) 

δ = 174.7, 160.4, 136.5, 128.4, 120.7, 59.6, 53.2, 41.2, 32.4, 31.5, 19.5, 16.7; FT-IR 

(ATR): 3456, 3249, 3084, 2959, 1624, 1546, 1480 cm-1. HRMS (ESI/Q-TOF) m/z: 

[M]2+ Calcd for C48H78N8O6Zn2 495.7353; Found 495.7359. See spectroscopic 

characterization section for 2D-NMR analyses (Figures S7.28-S7.32). 

Synthesis of 2. 2-I (white solid, 0.422 g, 0.269 mmol, 89% yield) was synthesized 

following the protocol described for L1. The yellowish solid (1.030 g, 0.936 mmol, 

79% yield) was used for synthesizing product 2-I without further purification. 

Characterisation: 1H NMR (400 MHz, THF-d8, 25 ºC) δ = 7.77 (d, J = 7.6 Hz, 4H), 

7.69 (d, J = 7.2 Hz, 8H), 7.24 – 7.14 (m, 12H), 5.95 (s, 4H), 5.71 – 5.57 (m, 4H), 4.60 

(d, J = 13.5 Hz, 4H), 3.70 – 3.56 (m, 8H), 3.42 – 3.32 (m, 4H), 2.90 (t, J = 9.3 Hz, 

8H), 2.67 (dd, J = 13.5, 3.3 Hz, 4H), 1.09 (s, 18H).;13C{1H} NMR (400 MHz, THF-

d8, 25 ºC) δ = 175.8, 160.9, 138.7, 136.2, 130.3, 128.4, 128.1, 126.3, 121.4, 57.6, 51.8, 

41.4, 39.4, 33.1, 31.1; FT-IR (ATR): 3417, 3200, 2949, 1626, 1556, 1480 cm-1. HRMS 

(ESI/Q-TOF) m/z: [M]2+ Calcd for C64H78N8O6Zn2 591.7353; Found 591.7362. See 

spectroscopic characterization section for 2D-NMR analyses (Figures S7.33-S7.37). 
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Synthesis of 3. 3-I (white solid, 0.134 g, 0.093 mmol, 86% yield) was synthesized 

following the protocol described for L1. The yellowish solid (0.497 g, 0.452 mmol, 

75% yield) was used for synthesizing product 3-I without further purification. 

Characterisation: 1H NMR (400 MHz, THF-d8, 25 ºC) δ = 7.77 (d, J = 7.6 Hz, 4H), 

7.69 (d, J = 7.2 Hz, 8H), 7.24 – 7.14 (m, 12H), 5.95 (s, 4H), 5.71 – 5.57 (m, 4H), 4.60 

(d, J = 13.5 Hz, 4H), 3.70 – 3.56 (m, 8H), 3.42 – 3.32 (m, 4H), 2.90 (t, J = 9.3 Hz, 

8H), 2.67 (dd, J = 13.5, 3.3 Hz, 4H), 1.09 (s, 18H).;13C{1H} NMR (400 MHz, THF-

d8, 25 ºC) δ = 175.8, 160.9, 138.7, 136.2, 130.3, 128.4, 128.1, 126.3, 121.4, 57.6, 51.8, 

41.4, 39.4, 33.1, 31.1; FT-IR (ATR): 3417, 3200, 2949, 1626, 1556, 1480 cm-1. HRMS 

(ESI/Q-TOF) m/z: [M]2+ Calcd for C64H78N8O6Zn2 591.7353; Found 591.7362. See 

spectroscopic characterization section for 2D-NMR analyses (Figures S7.33-S7.37). 

Synthesis of 4. 4-I (white solid, 0.052 g, 0.033 mmol, 82% yield) was synthesized 

following the protocol described for 1-I. Characterisation: 1H NMR (400 MHz, THF-

d8, 25 ºC) δ = 9.92 (s, 4H), 8.19 (s, 4H), 7.55 (d, J = 2.5 Hz, 4H), 7.38 (d, J = 7.9 Hz, 

4H), 7.23 (d, J = 8.1 Hz, 4H), 6.90 (t, J = 7.6 Hz, 4H), 6.73 (t, J = 7.5 Hz, 4H), 5.64 

(s, 4H), 5.24 (d, J = 2.4 Hz, 4H), 4.67 – 4.57 (m, 4H), 3.73 (m, 4H), 3.07 (dd, J = 14.1, 

4.1 Hz, 4H), 2.90 (dd, J = 13.4, 3.4 Hz, 4H), 2.83 (d, J = 12.7 Hz, 4H), 0.66 (s, 

18H);13C{1H} NMR (400 MHz, THF-d8, 25 ºC) δ = 176.1, 160.9, 136.7, 128.2, 127.6, 

126.9, 121.2, 120.9, 118.6, 118.0, 110.9, 110.2, 56.6, 52.5, 41.3, 32.6, 30.9, 30.1; FT-

IR (ATR): 3491, 3428, 3223, 3083, 2959, 1627, 1551, 1478 cm-1. HRMS (ESI/Q-

TOF) m/z: [M]2+ Calcd for C72H82N12O6Zn2 669.7571; Found 669.7568. See 

spectroscopic characterization section for 2D-NMR analyses (Figures S7.38-S7.41).  

 

7.1.4. Results and discussion 

The new family of macrocyclic compounds was synthesized via imine 

condensation of the open-chain C2 pseudopeptidic bisaminoamides B with 5-(tert-

butyl)-2-hydroxyisophthalaldehyde (DA) followed by in-situ reduction (Scheme 7.1). 

The dynamic nature of the imine bonds allowed for the formation of 

thermodynamically favoured [2+2] macrocycles, overcoming the production of side 
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products of oligomeric/polymeric nature.31 The high efficiency of the 

macrocyclization reaction can be related with the adoption of the optimal U-turn 

preorganization for the open chain bisaminoamides, favoured by the aprotic apolar 

solvent used, namely CHCl3.32 Indeed, when the condensation reaction was carried 

out with 1,8-diaminooctane, instead of the pseudopeptide, mainly the formation of 

oligomer/polymers was observed, ratifying the postulated role of intramolecular 

hydrogen bonds promoted by the amide groups in the macrocyclization step (Figure 

S7.1).33 It must be highlighted that high isolated yields were achieved for all the 

pseudopeptidic macrocycles, without the need of using auxiliary templating agents 

(Table S7.1), even at relatively high concentrations (30 mM).34 

 

Scheme 7.1. Synthetic route to produce the macrocyclic organometallic species 1-4. i) 
CHCl3 (30 mM concentration for each reagent), Na2SO4 at 25 ºC for 15 h. ii) MeOH, 
NaBH4 excess at 25 ºC for 2 h. The metal-complexation step was carried out at 25 ºC. 

Crystals suitable for X-ray diffraction measurement were grown for the L1 

macrocycle with protonated phenols (H2L1). The solid-state structure revealed a 

highly twisted conformation involving intramolecular (dHN···OC = 2.78 Å, 92% 
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vdWN,O) and intermolecular (dHN···OC = 2.94 and 2.84 Å, 96 and 93% vdWN,O, 

respectively) hydrogen bonds between the amide groups of the pseudopeptidic 

chains (Figure S7.2).35 

The sodium salts of macrocycles L1-L4 were then reacted with ZnX2 salts, 

leading to the formation of binuclear pseudopeptidic complexes 1-4 in yields in the 

80-90% range (Scheme 7.1). The solid-state structure of 4-I provided unambiguous 

evidence for complex formation (Figure 7.2a). The two phenoxy-groups act as 

bridges between the two Zn cores, as previously reported for related systems.36,37 

One amino nitrogen atom of each pseudopeptidic moiety completed the equatorial 

coordination plane of the metal (Figure 7.2b). 

 

Figure 7.2. Solid-state structure obtained for 4-I. (a) Side and top-view. Hydrogen atoms 
and solvent molecules have been removed for clarity. Iodide anions are highlighted in violet. 

(b) Representation of the distorted octahedral coordination spheres for Zn2+ ions. 
Distances between atoms and metallic cores have been highlighted in different colours. The 

intermetallic Zn-Zn distance has been marked in green. 

Zn O N

2.11 Å
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2.12 Å

2.13 Å

2.23 Å
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In this case, in contrast to the hitherto described molecular structures, the 

counterion is not coordinated to the metallic sites. Instead, the oxygen atom of the 

four amide groups is further complexing the apical positions of the metallic centre, 

resulting in a distorted octahedral coordination sphere for each Zn2+ (Figure 7.2b). 

Consequently, the iodide anion is located out-of-sphere, stabilized by hydrogen 

bonds with the acid hydrogen atoms of the secondary amines (dN···I = 3.69 Å, 105% 

vdWN,I). Interestingly, the iodide anions are closely surrounded by the constrained 

chiral environment of the pseudopeptidic fragments (Figure 7.2a). The crystal 

structure of 4-I also exhibits an extremely long, and therefore labile, zinc–iodide 

bond, with an average distance between ions of 4.49 Å (Figure 7.2b).  

This opened the way for using these metal complexes as multifunctional one-

component catalysts for the cycloaddition of CO2 to epoxides. Compounds 1 were 

selected for an initial evaluation of their potential catalytic activity. The reaction 

between styrene oxide (SO) and CO2 under solvent-less conditions was selected as 

the benchmark reaction. Table 7.1 summarises the results obtained for the different 

conditions assayed. Complex 1-I showed remarkable activity leading to quantitative 

conversions in only 1 hour (entry 5, Table 7.1) with a TOF value of 198 h-1, while 

the zinc salts in the absence of macrocyclic ligand showed low or no activity despite 

the elevate temperature employed (entries 1-3, Table 7.1). When 1-Cl was used as 

catalyst, the performance suffered a significant decrease (see entries 6 and 8 in Table 

7.1). This activity decrease was assigned to the lower nucleophilicity of chloride 

anions as compared to iodide anions.  

As expected, lower temperatures afforded lower conversions into the desired 

styrene carbonate (SC) (entries 9-12, Table 7.1). Notwithstanding, 1-I afforded a 90% 

conversion in only 3 hours at 60 ºC and 1 bar of CO2, which represents an 

extraordinary value considering the moderate reactivity of SO (entry 9, Table 7.1). 

This valine-derived catalyst was found to be active even at room temperature, 

obtaining a 23% conversion, with excellent selectivity, after 15 h of reaction (entry 

12, Table 7.1). These results highlight the exceptional activity of these pseudopeptidic 

multifunctional complexes, even in the absence of any co-catalyst. 
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Table 7.1. Catalytic results obtained for zinc complexes 1 in the cycloaddition of CO2 to 
styrene oxide under solvent-less conditions.a 

Entry Cat. (mol%) Temp. (ºC) Time (h) Conversion (%)b 

1 ZnI2 (1) 100 3 14 

2 ZnI2 (1) 100 1 3 

3 ZnCl2 (1) 100 3 0 

4 1-I (0.5) 100 3 >99 

5 1-I (0.5) 100 1 >99 

6 1-Cl (0.5) 100 3 53 

7 1-I (0.5) 80 1 >99 

8 1-Cl (0.5) 80 3 14 

9 1-I (0.5) 60 3 90 

10 1-I (0.5) 60 1 31 

11 1-I (0.5) 40 3 14 

12 1-I (0.5) r.t. 15 23 

a Reaction conditions: styrene oxide (4.35 mmol), 1 bar of CO2 (autoclave). b Conversions 
determined by 1H NMR, selectivity for styrene carbonate was always > 99.9% when using 
pseudopeptidic complexes. Formation of side-products (mainly diol species) was detected 
when using ZnI2. 

One may presume that these systems, being active under mild conditions and 

with a well-defined chiral environment, could provide enantiodiscrimination during 

the cycloaddition of CO2 to styrene oxide. Chiral epoxides and cyclic carbonates are 

important intermediates in the production of pharmaceutical and biological 

compounds.38,39 Traditionally, enantiopure cyclic carbonates are prepared by 

enzymatic hydrolysis of racemic epoxides or by the cyclization of chiral diols with 

highly toxic triphosgene.40,41 In the search of less hazardous methodologies, the 

kinetic resolution of racemic epoxides in the presence of carbon dioxide has been 

exploited, as this is a greener alternative presenting 100% atom 

economy.19,42,43,44,45,46,47 The main hurdle in such catalytic approach is the harsh 

conditions often required for overcoming the inertness of CO2, which in turn 

adversely affects the enantiomeric purity of the products.48 Thus, we decided to 

evaluate the potential of the macrocyclic complex (1-I) for the kinetic resolution of 
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racemic SO. GC analyses permitted the quantification of the enantiomeric excess for 

SC. The use of enantiomerically enriched SO mixtures allowed to observe that kinetic 

resolution of racemic oxiranes was occurring (Figure S7.3). At 40 ºC, 0.5 mol % of 

1-I and 1 bar CO2, conversions after 15 hours increased with the initial amount of 

the R-enantiomer present in the mixture. Indeed, conversions ranged from 7% for 

pure S-enantiomer to 19% for pure R-enantiomer, indicating a faster reaction with 

(R)-SO. In addition, for those enantioenriched mixtures, the percentage of (R)-SC 

found was always higher than the percentage of the R-enantiomer in the starting SO, 

corroborating the kinetic resolution of racemic SO. 

The nature of pseudopeptidic sidechains was then examined. Results in Table 

7.2 illustrate that the amino acid residue was clearly affecting to both activity and 

enantiopreference of the process. In terms of catalytic performance, the best results 

were detected for the phenylalanine bimetallic complex, following the trend Phe > 

Val > Trp (2-I > 1-I > 4-I, see entries 1-7 in Table 7.2). This result suggests that π-

interactions can be involved in the reaction mechanism, stabilizing transition states 

and reaction intermediates (vide infra). A preferential formation of (R)-SC was 

generally observed (entries 1-6 and 8-12 in Table 7.2). Interestingly, when the 

macrocyclic complex 3-I displaying the (R,R,R,R) configuration was used, the 

formation of (S)-SC was instead favoured (Table 7.2, compare entries 5 and 7). 

Therefore, the enantioselectivity attained in the reaction was a direct result of the 

chirality introduced by the amino acid moieties of the complexes. This is of key 

importance as the enantiomeric preference of the reaction outcome can be easily 

tuned by simply modifying the chirality of the precursors. 

The high activity of the systems allowed to decrease the temperature to r.t. 

providing more efficient kinetic resolutions with reasonable conversions and leading 

to better enantioselectivities and s-factors (entries 8-12 in Table 7.2). An increase in 

the reaction time to 24 h resulted in an s-factor as high as 9.5 for 2-I. To the best of 

our knowledge, this is the highest s-factor reported to date for the kinetic resolution 

of styrene oxide (see Table S7.2 and Figure S7.4). 



Chapter 7 

289 

Table 7.2. Effect of the amino acid sidechain in the catalytic kinetic resolution of styrene 
oxide by cycloaddition of CO2 under solvent-less catalysed by zinc iodide pseudopeptidic 
macrocyclic complexes.a 

Entry Cat. 
Temp. 

(ºC) 

Time 

(h) 

Conv. 

(%)b 

e.e. 

(%)c 
sf 

1 1-I 60 1 31 21d 2.4 

2 2-I 60 1 38 30d 2.2 

3 4-I 60 1 15 12d 1.9 

4 1-I 40 4 14 39d 2.4 

5 2-I 40 4 27 58d 4.6 

6 4-I 40 4 9 29d 1.9 

7 3-I 40 4 25 56e 4.2 

8 1-I r.t. 15 21 49d 3.3 

9 2-I r.t. 15 23 68d 6.4 

10 4-I r.t. 15 6 34d 2.0 

11 2-Ig r.t. 15 52 55d 6.2 

12 2-I r.t. 24 45 69d 9.5 

a Reaction conditions: styrene oxide (4.35 mmol), 0.5 mol% of catalyst, 1 bar of CO2 

(autoclave). b Conversions determined by 1H NMR, selectivity for styrene carbonate was 
always > 99.9 %. c Enantiomeric excess determined by GC analyses. d Enantiomeric excess 
for (R)-styrene carbonate. e Enantiomeric excess for (S)-styrene carbonate. f s = ln[(1-
c(1+ee)]/ln[1-c(1-ee)], where c is the conversion and e.e. is the enantiomeric excess. g 1 mol% 
of catalyst. 

A series of terminal epoxide substrates were then studied for the formation of 

their cyclic carbonates in the presence of CO2 and 2-I (Table S7.3). At 80 °C and 

under 1 bar of CO2, all epoxides were smoothly converted into the desired organic 

carbonates with excellent conversions (> 90%). In addition, although the use of 

solvent (THF) was in some cases necessary to prevent solidification of the reaction 

mixture, complex 2-I was still able to promote kinetic resolutions with 

enatioselectivities of ca. 40% e.e. and s-factors of 2.4-2.9 at 40 °C for the different 

substrates assayed. 

Based on the obtained results and the solid-state structure of the complex 

(Figure 7.2), we can propose that the crowded coordination sphere of the Zn2+ 
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metallic cores allowed for the presence of “naked” iodide anions enabling their role 

as nucleophiles in a highly efficient ring-opening step.15 The synergies between the 

metallic core and the “naked” iodide anion were demonstrated by additional catalytic 

experiments (Table S7.4). The parent unit L2, lacking both the nucleophile source 

and Zn2+ centres, did not promote the formation of styrene carbonate. Addition of 

1 mol% of iodide anion as its tetrabutylammonium salt in the presence of 0.5 mol% 

of L2 only resulted in a 2% yield, suggesting that the metallic core is of paramount 

importance for the activation of the substrates under such mild reaction conditions. 

As expected, when 2-PF6 was used in the reaction, only minor traces of SC were 

detected. This result indicates that the presence of an activated nucleophile is a 

requirement for triggering the catalytic cycle. All these evidences reflect that the 

observed activity and enantioselection involves a tight cooperativity between the 

different catalytic sites of the one-component system: Lewis acid and basic centres, 

nucleophile and metallic core, all preorganized with an optimal spatial disposition 

within the chiral complex (Figure 7.1). 

Several spectroscopic experiments were designed for gaining additional insights 

into mechanistic aspects. The reaction order for 2-I was determined by in-situ FTIR 

spectroscopy at 60 ºC in the presence of a CO2 balloon (Figure S7.5).49 The aftermath 

of the kinetic study revealed a first-order dependence on the bimetallic catalytic 

species (Figure S7.6 and S7.7).50 Conformational information was gathered by 

measuring 1H NMR spectra for 2-I in different solvents. Figure 7.3 shows that the 

structure of the complex is conformationally very rigid, as demonstrated by the 

noteworthy anisochrony observed for the diastereotopic Ar-CH2-NHamine methylene 

protons (orange signals in Figure 7.3). Besides, in the presence of solvents containing 

Lewis basic groups, the signals for the amide protons (green signals in Figure 7.3) 

appeared at lower fields, following the expected basicity trend (DMSO > acetone > 

THF >> ACN). This observation can be explained by the formation of hydrogen 

bonds between the acidic amide protons and the basic donor sites of the solvents, as 

observed in the solid-state structure of 4-I (Figure S7.8).51 
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Figure 7.3. 1H NMR (400 MHz, 25 ºC) spectra comparison for 2-I (2 mM) in different 
deuterated solvents. Spectra from top to bottom: THF, acetone, DMSO, and ACN, 

respectively. The signals for the protons discussed in the text have been highlighted with 
different colours in the spectra. 

The acidic proton signals for the coordinated secondary amines (red signals in 

Figure 7.3) did not respond to such basicity trend. Instead, they appeared at much 

lower fields in the presence of THF/acetone than for DMSO. Comparing the shifts 

with the ones obtained for the barely preorganized conformation in acetonitrile, Δδ 

values of +1.8, +1.5, and +0.2 ppm were found for the NHamine signals in THF, 

acetone, and DMSO, respectively. These differences can be assigned to the polarity 

of the solvents. For instance, DMSO presents a higher relative polarity than THF 

(0.444 vs 0.207), and thus it promotes a better solvation for the iodide counterions.52 

Hence, the protons of the amino groups are less influenced by the electronegative 

anions in the most polar solvents like DMSO and ACN (Figure 7.3). On the other 

THF-d8
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ACN-d3
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hand, poor solvation of the negatively charged iodide ions results in tight hydrogen 

bonding with the acidic protons of the coordinated amines (see Figure 7.3 and Figure 

S7.8). These non-covalent interactions between the anions and the amine hydrogen 

atoms further rigidify the whole structure of the bimetallic pseudopeptidic complex, 

as corroborated by the significantly different electronic environment experienced by 

the aromatic protons of the phenylalanine sidechains in THF and acetone (blue 

signals, Figure 7.3). Considering the structural similarities between THF and oxiranes, 

it may be predicted that the catalytically active conformation of the pseudopeptidic 

complexes in SO must be like the one found in THF. 1H NMR titration experiments 

of 2-I with styrene oxide and THF showed similar chemical shift variations (Figure 

S7.9), corroborating this assumption. Therefore, the efficiency of the catalyst in the 

kinetic resolution of epoxides could be explained by the rigidized sidechains of the 

α-C chiral centres of the complex, that are located in the surroundings of the activated 

nucleophilic anion (see Figure 7.1 for representation). 

The recognition capability of the pseudopeptidic complex was assayed in the 

presence of the two enantiomers of the substrate, namely (S)-SO and (R)-SO. The 

association constants for the equimolecular 2-I : SO system determined by 1H NMR 

titration experiments revealed a slight preference for the interaction with (R)-SO over 

its (S)-enantiomer (Figures S7.10 and S7.11). This observation could be the result of 

additional π-π interactions between the pseudopeptidic sidechain and the aromatic 

moiety of the epoxide (see Figure 7.4c). However, the relatively small difference 

between the two constants, 16 ± 1 M-1 and 8 ± 1 M-1 for the (R) and (S) enantiomers, 

cannot explain by itself the enantiomeric excess obtained during the catalytic 

conversion (see for instance Entry 12, Table 7.2). It must be mentioned, however, 

that this enantiomeric preference could be even more pronounced in the 

supramolecular complexation of the reaction intermediates and the transition states 

(see Figure 7.4). Conformational changes for 2-I in the presence of (R)-SO were also 

monitored using circular dichroism (CD). Interestingly a significant decrease was 

observed, upon addition of (R)-SO, in the intensity of the negative band centred at 

215 nm and associated to the absorption of amide groups (Figure S7.12).53 This result 
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is consistent with a change in the chiral environment of the amide moieties upon 

hydrogen bonding with the basic oxygen atom of the epoxide.17 As expected for this 

molecular recognition process, a red-shift was concomitantly detected in the UV 

absorption signal for the amide band (Figure S7.13). 

The capacity of these complexes to activate carbon dioxide molecules during 

the catalytic reaction was also analysed. The presence of amino groups in the 

macrocyclic structure could promote some further activation of carbon dioxide 

molecules.54 1H NMR for 2-I in the presence of CO2 (10 bar) allowed the 

identification of some unexpected species. Initially, the characteristic signals for 2-I 

and THF suffered minor changes under the influence of CO2 (Figure S7.14). Most 

noticeable differences were detected for the protons located near the secondary 

amino groups (E, F and G in Figure S7.14) and the amide protons (A in Figure S7.14). 

This could be related with a change in the coordination sphere of Zn2+. Monitoring 

the pressurized sample over time led to the detection of new species in which the 

symmetrical conformation of 2-I seemed to be distorted, with the appearance of 

multiple signals in the 6.5 - 7.5 ppm region (Figure S7.15). Besides, some additional 

peaks were perceived in the 8.0 – 9.8 ppm region, likely distinctive of the formation 

of carbamate derivatives (Figure S7.16). For this reaction to occur, however, the 

amino groups should decoordinate the metal to perform the nucleophilic attack on 

the electrophilic carbon atom of CO2.55
 The resulting carbamate species shall be 

stabilized by coordination of the negatively charged oxygen atom with the Zn2+ ion 

(Figure S7.17).56 Although the chemical structure of such complex species was not 

fully elucidated, MS-ESI(+) analyses performed immediately after depressurization 

permitted for the identification of [2-I·CO2] species, with one carbon dioxide 

molecule coordinated to 2-I (Figure S7.18). Increasing the MS voltage reduced the 

abundance of these [2-I·CO2] species, demonstrating the lability of the 

supramolecular adducts (Figure S7.19). In addition, the signals for these species 

rapidly decreased with time. The same trend was reflected in the 1H NMR spectrum, 

observing the disappearance of the unsymmetrical signals upon depressurization 

(Figure S7.20). 
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All these experimental data allow for the postulation of a plausible mechanism 

for the catalytic CO2 conversion in the presence of styrene oxide (Figure 7.4a). After 

the preferent recognition of (R)-SO by the organometallic species (adduct A), the 

“naked” iodide anion attacks to the α-C of the oxirane, as previously reported for 

aromatic epoxides.57 This initial step led to the alkoxylate intermediate, which was 

likely interacting by means of hydrogen bonds with the acidic hydrogen atoms of the 

coordinated NH groups (B). Additional hydrophobic interactions with the amino 

acid residues could further stabilise this intermediate. At this point, decoordination 

and carbamate formation occur in the presence of carbon dioxide, resulting in the 

species described as C. Nucleophilic attack of the alkoxylate to the electrophilic 

carbon of the activated CO2 molecule allowed for the formation of the carboxylate 

D that experiences a ring-closing step, yielding the desired (R)-styrene carbonate (E). 

Preliminary DFT calculations were performed for the two enantiomers of 

relevant species B and D, as well as for the initial reactants interaction complex (RIC) 

(A in Figures 7.4b and 7.4c). In all cases, the supramolecular adducts resulting from 

the reaction with (R)-SO were more stable than the ones calculated for the interaction 

with the (S)-enantiomer. As surmised, the preorganization of the different 

components in the RIC A was facilitated by non-covalent forces, namely hydrogen 

bonds, electrostatic, and π···π interactions. The preferential recognition of (R)-SO 

was assigned to the presence of attractive edge-to-face aromatic interactions (for the 

closest Car, dC-C = 3.99 Å, Figure 7.4c).58 Such a favourable interaction was not 

possible in the presence of (S)-SO (see Figure 7.4b for energy differences). A similar 

scenario was found for the alkoxylate intermediate B, although in this case the 

reaction with (R)-SO was only favoured by 0.5 kcal/mol. Calculations indicate that 

one of the sidechains experiences a conformational change relative to the one present 

in 2-I for the anionic intermediates (B and D) resulting from (R)-SO, most likely to 

maximize the attractive forces between the catalyst and those intermediates. 

This catalytic behaviour of the bimetallic pseudopeptidic complexes herein 

described can thus be compared to enzyme-like catalytic processes promoting 
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superior specificity by means of non-covalent interactions between the substrate and 

elegantly preorganized scaffolds of the biocatalysts.30,59 

 

Figure 7.4. a) Postulated mechanism for the enantioselective cycloaddition of CO2 to 
styrene oxide in the presence of the one-component bimetallic Zn2+ catalysts. The 

symmetry equivalent (half-molecule) of the pseudopeptidic organometallic macrocycle has 
been represented with 3D sticks. The sidechains of the amino acid fragments have been 
represented with orange balls. b) Free-energies obtained, considering the two initial SO 

enantiomers, for the most relevant mechanism steps: RIC (A), alkoxylate (B), and 
carboxylate (C). Red bars correspond to energies obtained starting from (R)-SO and green 
bars correspond to energies from (S)-SO. c) DFT models calculated for the most relevant 

species involved in the catalytic cycle. Hydrogen bonds highlighted with discontinuous 
magenta lines. Electrostatic interactions highlighted with discontinuous orange lines. 

Aromatic interactions highlighted with discontinuous green lines. 
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7.1.5. Conclusions 

The present results highlight the high level of functional preorganization that 

can be achieved with systems derived from relatively simple pseudopeptidic 

macrocycles. The precise structural design of the one-component system here 

considered rendered activated nucleophiles and supramolecularly-active acid and 

basic centres in close proximity within a well-defined chiral cavity, leading to 

remarkable activity and enantioselectivity without the need of any additional co-

catalyst. This opens the way for developing new bioinspired catalytic systems 

showcasing enzymatic behaviours in challenging CO2 sustainable transformations 
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7.2. Supporting information 

 

 

Figure S7.1. a) Attempted synthesis of a non-pseudopeptidic macrocyclic ligand. 
Unidentified polymers with low solubility in common organic solvents were afforded 
instead. b) ESI(+) spectrum (MeOH) obtained for the reaction crude, displaying the 

absence of the expected m/z peaks. 

 

 

 

Table S7.1. Isolated yields found for the different macrocyclic ligands.a 

Entry Ligand Isolated yield (%) 

1 L1 74 

2 L2b 79b 

3 L3 75 

4 L4 64 

a Yields determined after the in-situ imine reduction using NaBH4 .b It must be noted that the 
synthesis of L2 was carried out at gram scale, maintaining the efficiency of the two-step 
reaction. 
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Figure S7.2. X-Ray for the macrocycle H2L1. a) Stick representation of the molecular 
structure found for H2L1, highlighting the HN···CO intramolecular hydrogen bond in 
pink. b) Stick representation of two vicinal molecules, highlighting the three HN···CO 

intermolecular hydrogen bonds in pink. Hydrogen atoms and solvent molecules have been 
removed for clarity. Colour code: C(grey), N(blue), O(red). See X-Ray experimental section 

for more details. CCDC number: 2153938. 

 

 

 

Figure S7.3. Cycloaddition of carbon dioxide to enriched chiral mixtures of styrene oxide. 
Reaction conditions: 0.5 mol % 1-I, solvent-less, 1 bar of CO2 at 40 ºC for 4 h. SO: styrene 

oxide. SC: styrene carbonate. The percentage of R isomer in SO corresponds to the 
abundance of this enantiomer in the initial enantiomerically enriched mixture of SO. 
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Table S7.2. Comparison of catalytic results reported to date for the kinetic resolution of 
styrene oxide with CO2. 

Ref. 
Cat. 

(mol%) 

Co-cat 

(mol%) 

t 
(h) 

P 

(bar) 

T 

(ºC) 

Conv. 

(%)b 

e. e. 

(%)c 
sd 

TOF 

(h-1) 

TOF 
co-cat 

(h-1) 

A 2 - 6 1 25 13 6 1.1 1.1 - 

B 1 - 24 1 60 26 22 1.7 1.1 - 

C 0.05 TBAB 
(0.1) 

24 17 50 27 54 4.1 22.5 11.3 

D 0.1 TBAF 
(0.2) 

16 8 25 39 3.3 1.1 24.4 12.2 

E 2.5 TBAB 
(2.5) 

3 1 25 21 6 1.1 2.8 2.8 

F 0.05 PTAT 
(0.1) 

1.5 5 0 5 6 1.0 66.7 33.3 

G 0.1 
TBAL-
TAR 

(0.1) 

72 7 25 27 3 1.1 3.8 3.8 

H 0.1 TBAF 

(0.2) 
18 12 25 37 0 - 20.6 10.3 

I 0.1 - 48 6 20 13 9 1.2 2.7 - 

J 0.1 
PPN-
DNP 

(10) 

24 n.c.a 0 12 68 5.4 5.0 0.5 

K 0.5 TBAC 
(1) 

140 10 25 36 0 - 0.5 0.3 

L 1 TEAB 
(1.5) 

30 20 25 10 74 7.3 0.3 0.2 

M 0.2 - 48 17 30 9 59 4.1 0.9 - 

This 
work 

(2-I) 

0.5 - 1 1 60 38 30 2.2 76.0 - 

0.5 - 4 1 40 27 58 4.6 13.5 - 

0.5 - 24 1 25 45 1 9.5 3.8 - 

a The amount of CO2 accounts for 0.5-0.6 equivalents in comparison with styrene oxide. See 

Figure S7.4 for general structures. 
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Figure S7.4. Cycloaddition of carbon dioxide to enriched chiral mixtures of styrene oxide. 
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Table S7.3. Substrate scope for the CO2 cycloaddition to epoxides in the presence of 2-I.a 

Entry Epoxide Solvent 
Temp. 

(ºC) 
Time 

(h) 
Conv. 
(%)b 

e. e. 
(%)c 

sd 

1 

 

- 80 1 > 99 n.m. n.m. 

2 - 40 15 21 68 6.3 

3 THF 40 15 16 66 5.5 

4 

 

- 80 1 > 99 n.m. n.m. 

5 - 40 15 6 35 2.1 

6 THF 40 15 7 48 2.9 

7 

 

- 80 1 91 n.m. n.m. 

8 - 40 15 11 22 1.6 

9 THF 40 15 12 26 1.8 

10 

 

- 80 1 > 99 n.m. n.m. 

11 - 40 15 24 38 2.5 

12 THF 40 15 18 35 2.2 

13 

 

- 80 1 95 n.m. n.m. 

14 - 40 15 5 35 2.1 

15 THF 40 15 10 40 2.4 
a Reaction conditions: epoxide (4.35 mmol), 1 bar of CO2 (autoclave), and 0.5 mol% 2-I. In 
the experiments where THF was used it was introduced in a 50%v/v proportion. b Conversions 
determined by 1H NMR, selectivity for the cyclic carbonates was always > 99.9 %. c 
Enantiomeric excess determined by GC analyses. For high temperature assays (T = 80 ºC) 
the enantiomeric excess was not measured (n.m.). d s = ln[(1-c(1+ee)]/ln[1-c(1-ee)], where c 
is the conversion and ee is the enantiomeric excess. 

 
 
Table S7.4. Catalytic results obtained for the cycloaddition of CO2 to styrene oxide at r.t.a 

Entry Cat. (mol%) 
Conv. 
(%)b 

e. e. 
(%)c,d 

1 2-I (0.5) 23 68 

2 L2 (0.5) 0 0 

3 L2 (0.5) + TBAI (1) 2 4 

4 TBAI (1) 3 0 

5 2-PF
6
 (0.5) trace 0 

a Reaction conditions: styrene oxide (4.35 mmol), 1 bar of CO2 (autoclave) at r.t. for 15 h. [b] 

Conversionss determined by 1H NMR, selectivity for styrene carbonate was always > 99.9 %. 
[c] Enantiomeric excess determined by GC analyses. [d] Enantiomeric excess for (R)-styrene 
carbonate.carbonates was always > 99.9 %. c Enantiomeric excess determined by GC 
analyses. For high temperature assays (T = 80 ºC) the enantiomeric excess was not measured 
(n.m.). d s = ln[(1-c(1+ee)]/ln[1-c(1-ee)], where c is the conversion and ee is the enantiomeric 
excess. 
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Figure S7.5. Experimental set-up for the FTIR spectroscopy kinetic analyses. The 
temperature was maintained constant at 60 ºC with the aid of an auxiliar peltier. CO2 was 
introduced in the system with a balloon. The reaction was performed under solvent-less 

conditions. 

 

 

Figure S7.6. FTIR conversions for the kinetic experiments in the presence of 2-I. Reaction 
conditions: styrene oxide (solvent-less), 60 ºC, CO2 balloon. Conversions were determined 
with the appropriate calibration, using the IR band at 1039 – 1099 cm-1 (vC-O asymmetric 

vibration) for the formation of styrene carbonate. Catalytic loading: 1 mol% (red points), 0.5 
mol% (blue points) and 0.25 mol% (black points). 
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Figure S7.7. Results obtained for the in-situ FTIR kinetic experiments in the presence of 2-
I. Reaction conditions: styrene oxide (solvent-less), 60 ºC, CO2 balloon. The reaction was 

performed at 1 mol%, 0.5 mol% and 0.25 mol% for 2-I. A first-order dependence is 
observed for the catalyst, as corroborated by the slope in the linear regression of the graph 

(right). 

 

 

 

 

 

 

Figure S7.8. Representation of the THF solvent molecules found in the solid-state 
structure for 4-I. The Lewis basic O atoms of the solvents are hydrogen bonded to the 

acidic amide groups (average O···Namide distance = 2.9 Å, 95% vdWN,O). a) Side-view. b) 
Top-view. Hydrogen atoms and disorder have been removed for clarity. Spacefill model for 
THF molecules and stick model for the organometallic scaffold. Colour code: green for Zn, 

purple for I, blue for N, red for O, grey for C. CCDC number: 2153936. 
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Figure S7.9. Partial 1H NMR (400 MHz, CD3CN, 25 ºC) spectra for 2-I (2 mM) in the 
presence and absence of a) THF and b) styrene oxide, “SO”. The shifts of the different 
protons have been highlighted with an orange line. Amide NH signal: 7.35 – 7.00 ppm; 

Aromatic C-H signal: 6.30 – 6.37 ppm; Amine NH signal: 3.82 – 3.98 ppm. The 
concentration of the organometallic host was maintained constant during the experiment. 

 

 

Figure S7.10. Partial 1H NMR (400 MHz, CD3CN, 25 ºC) spectra for the titration 
experiment of 2-I (2 mM) with increasing amount of (S)-SO. From bottom to top: 0, 0.3, 

0.5, 0.8, 1.1, 1.6, 2.1, 2.8, 3.7, 4.6, 6.1, 7.6, 10.3, 12.7, 16.7, 22.2, 27.3, 30.8 equivalents of SO 
added. SO abbreviation stands for styrene oxide. The concentration of the organometallic 

host was maintained constant during the experiment. 
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Figure S7.11. Chemical shifts (ppm) determined for 2-I (2 mM) in the presence of 30.8 
equivalents of either (R)-SO or (S)-SO. The association constants measured using HypNMR 

software for 1 : 1 supramolecular complexes have also been included with their respective 
error. 

 

 

 

 

Figure S7.12. CD spectra (CH3CN, 25 ºC) for the titration experiment of 2-I (0.01 mM) 
with increasing amounts of (R)-SO. SO abbreviation stands for styrene oxide. The 

concentration of the organometallic host was maintained constant during the experiment. 
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Figure S7.13. UV-Vis spectra comparison (CH3CN, 25 ºC) for the titration experiment of 
2-I (0.01 mM) with increasing amounts of (R)-SO. The concentration of the organometallic 
host was maintained constant during the experiment. The red-shift observed for the amide 

band has been highlighted with an orange arrow. 
 

 

 

 

Figure S7.14. 1H NMR (500 MHz, 25 ºC, THF) shifts observed for the characteristic 
signals of 2-I (10 mM) and for the methylene protons attached to the O atom of THF 

(marked as purple J in the figure) in the presence of 10 bar of CO2. The shifts were 
determined after 2 h exposure to the CO2 atmosphere. The spacefill model on the right 

highlights the hydrogens (white balls) studied in the experiment, which have been identified 
with different letters and colours. 
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Figure S7.14. 1H NMR (500 MHz, 25 ºC, THF) shifts observed for the characteristic 
signals of 2-I (10 mM) and for the methylene protons attached to the O atom of THF 

(marked as purple J in the figure) in the presence of 10 bar of CO2. The shifts were 
determined after 2 h exposure to the CO2 atmosphere. The spacefill model on the right 

highlights the hydrogens (white balls) studied in the experiment, which have been identified 
with different letters and colours. 

 

 

 

Figure S7.15. Time evolution of the partial 1H NMR (500 MHz, 25 ºC, THF-d8) spectra for 
the aromatic region of 2-I (10 mM) in the presence of CO2 (10 bar). The appearance of 

unsymmetrical signals can be appreciated in the 7.5 – 6.5 ppm region. 
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Figure S7.16. Time evolution of the partial 1H NMR (500 MHz, 25 ºC, THF-d8) spectra for 
2-I (10 mM) in the presence of CO2 (10 bar). The appearance of broad peaks has been 
assigned to the acidic protons of the carbamate species (HN+R1R2CO2), which can be 
hydrogen bonded with the iodide anion and the amide groups of the pseudopeptidic 

scaffold. 

 

Figure S7.17. CO2 activation by the bimetallic scaffold by means of the reversible 
formation of carbamate species. (a) ChemDraw model. (b) Ball and stick representation. 
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Figure S7.18. MS(ESI+, 20 V) spectra comparison for fresh 2-I sample (THF-d8, 10 mM) 
and 2-I after depressurization. a) 585 – 635 m/z range. b) 1300 – 1370 m/z range. The 

predicted isotope model for the species with CO2 has been included. The diprotonated peak 
for [M + CO2]2+ has been highlighted in green. The monoprotonated peak for [M + I 

+CO2]+ has been highlighted in red. 

 

 

Figure S7.19. Abundance for [M + CO2]2+ calculated by MS(ESI+) at different voltages. M 
corresponds to dicationic 2. Abundances calculated as: (Intensity[M + CO2]2+ / 

Intensity[M]2 ) x 100. 
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Figure S7.20. 1H NMR (500 MHz, THF-d8, 25 ºC) spectra for fresh sample of 2-I (red 
spectrum), 2-I after 180 h at 10 bar CO2 (green spectrum), and 2-I after 24 h of 

depressurization (blue spectrum). 

 

 

Figure S7.21. Example of the conversion determination by 1H NMR (400 MHz, CDCl3, 25 
ºC). The conversion is determined by NMR integration as follows: C (%) = [Isc / (Isc + 

Iso)]x 100. The Isc corresponds to the integration of the signal for SC (5.6 ppm, highlighted 
in red). The Iso corresponds to the integration of the signal for SO (3.8 ppm, highlighted in 
green). It must be noted that the selectivity was > 99.9% for the desired styrene carbonate. 
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Figure S7.22. GC chromatograms separately obtained for the optically pure R-SO (black 
chromatogram) and S-SO (red chromatogram). 

 

Figure S7.23. GC chromatogram obtained for a racemic mixture of styrene carbonate (SC). 
The racemic mixture was obtained by reacting styrene oxide in the presence of 2 mol% 

TBAI, at 100 ºC for 5 h in the presence of 1 bar of CO2. 

 

Figure S7.24. GC chromatogram obtained for the reaction crude using S-SO as reagent. 
Reaction conditions: 0.5 mol % 1-I, solvent-less, 1 bar of CO2 at 40 ºC for 4 h. 
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R-SC S-SC

R-SC S-SC



Chapter 7 

317 

 

Figure S7.25. GC chromatogram obtained for the reaction crude using R-SO as reagent. 
Reaction conditions: 0.5 mol % 1-I, solvent-less, 1 bar of CO2 at 40 ºC for 4 h. 

 

Figure S7.26. GC chromatogram obtained for the reaction crude using racemic SO as 
reagent. Reaction conditions: 0.5 mol % 2-I, solvent-less, 1 bar of CO2 at 40 ºC for 4 h. 

Enantiomeric excess R-SC: 58 %. 

 

Figure S7.27. GC chromatogram obtained for the reaction crude using racemic SO as 
reagent. Reaction conditions: 0.5 mol % 2-I, solvent-less, 1 bar of CO2 at 25 ºC for 24 h. 

Enantiomeric excess R-SC: 69 %. 
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Figure S7.28. 1H NMR (400 MHz, DMSO-d6, 25 ºC) for 1-I (5 mM). 

 

 

 

Figure S7.29. 13C{1H} NMR (400 MHz, DMSO-d6, 25 ºC) for 1-I (5 mM). 
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Figure S7.30. 2D HSQC NMR (400 MHz, DMSO-d6, 25 ºC) for 1-I (5 mM). 

 

 

 

Figure S7.31. 2D COSY NMR (400 MHz, DMSO-d6, 25 ºC) for 1-I (5 mM). 
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Figure S7.32. 2D NOESY NMR (400 MHz, DMSO-d6, 25 ºC) for 1-I (5 mM). 

 

 

 

Figure S7.33. 1H NMR (400 MHz, THF-d8, 25 ºC) for 2-I / 3-I (5 mM). 
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Figure S7.34.13C{1H} NMR (400 MHz, THF-d8, 25 ºC) for 2-I / 3-I (5 mM). 

 

 

 

Figure S7.35. 2D HSQC NMR (400 MHz, THF-d8, 25 ºC) for 2-I / 3-I (5 mM). 
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Figure S7.36. 2D COSY NMR (400 MHz, THF-d8, 25 ºC) for 2-I / 3-I (5 mM). 

 

 

 

Figure S7.37. 2D NOESY NMR (400 MHz, THF-d8, 25 ºC) for 2-I / 3-I (5 mM). 
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Figure S7.38. 1H NMR (400 MHz, THF-d8, 25 ºC) for 4-I (5 mM). 

 

 

 

Figure S7.39. 13C{1H} NMR (400 MHz, THF-d8, 25 ºC) for 4-I (5 mM). 
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Figure S7.40. 2D COSY NMR (400 MHz, THF-d8, 25 ºC) for 4-I (5 mM). 

 

 

 

Figure S7.41. 2D HSQC NMR (400 MHz, THF-d8, 25 ºC) for 4-I (5 mM). 
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8.1. Main text 

8.1.1. Abstract 

Taking advantage of the dynamic covalent chemistry approach, four different 

cages were synthesized by condensation of tripodal pseudopeptides with 4,4'-

biphenyldicarboxyaldehyde. Whereas undesired products of polymeric nature were 

obtained in polar solvents, the [3+2] cryptand-type macrobicyclic architectures were 

obtained in excellent yields using chloroform as solvent, even at relatively high 

concentrations. The presence of two encapsulated water molecules may provide a 

positive template effect in the low polarity medium. The final macrobicycles display 

a combination of two types of chirality: D,L chirality due to the asymmetric α-C 

centres and P,M helical chirality. The homochiral helicity found for all the 

enantiomerically pure molecular cages indicates strong chirality induction by the 

asymmetric α-C. Besides, the self-sorting properties of the different chiral 

pseudopeptides have been studied, resulting in high-fidelity homo-self-sorting. DFT 

calculations point out that the self-sorting outcome may also be a direct result of the 

encapsulation of two water molecules within the cavity. 

 

8.1.2. Introduction 

Since the birth of supramolecular chemistry, a wide range of macrocycles and 

macrobicycles (such as cryptands) have been designed and used for sophisticated 

applications.1-4 Nonetheless, the synthesis of preorganized three-dimensional species 

is generally challenging, as the macrocyclization steps must always overcome the 

competing oligomerization/polymerization processes.5-8 Dynamic covalent 

chemistry (DCvC), in particular imine formation, offers a thermodynamically-driven 

approach that may minimize the generation of such by-products.9-14 One of the 

merits of using DCvC is that, the reversible nature of dynamic bond allows for the 

occurrence of component exchange, structural rearrangement and error checking, 

providing the ideal scenario for self-sorting processes.15-19 
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Several inspiring self-sorting examples have been previously reported based on 

differences in cation coordination preferences.20-23 Nevertheless, the assembly of 

biological supramolecular structures makes mainly use of organic non-covalent 

interactions such as hydrogen bonding, donor-acceptor interactions and Van der 

Waals forces.24 This high-fidelity molecular recognition is responsible for events as 

crucial as the formation of a DNA double helical structure and the folding of 

polypeptide chains into proteins with remarkable selectivity.25  In conjunction with 

the forces between components, the medium, in particular water molecules, may 

serve as supramolecular vectors affecting the stability, structure, dynamics, and 

functions of biomolecules.26  Examples of self-sorting experiments between organic 

components based on such type of supramolecular interactions are rather scarce in 

the literature.27-30 

Among the diverse self-sorted examples described to date, chiral self-sorting, 

i.e., the selection for a supramolecular assembly of an interaction partner with a 

specific chirality from a complex mixture of possible partners, is of paramount 

relevance as chirality is an omnipresent property in Nature.31  In fact, in the course 

of evolution one type of chirality has been favoured in the build-up of the  biological 

molecules making up living organisms, with L-amino acids as the main component 

of proteins and enzymes and D-sugars as the main components of DNA and RNA.32  

Appropriate design of chiral self-sorting systems may shed light on the formation of 

complex molecular architectures,33 allowing for the gradual development of 

applications involving chiral chemical entities.34 In this respect, pseudopeptidic 

compounds could have major advantages, as they present high functional density for 

potential noncovalent interactions, together with their inherent chirality provided by 

the amino acid scaffolds.35 Hence, they could contribute to an understanding of the 

biomolecular processes.36 

Herein we report the highly selective formation of cryptand-type macrobicyclic 

pseudopeptides upon condensation of the tripodal components bearing L or D 

valine V or phenylalanine F amino acid residues (LTV / DTV / LTF / DTF) with 

4,4'-biphenyldicarboxyaldehyde (A) (Scheme 1). These cryptands present enhanced 
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chiroptical properties compared to their corresponding pseudopeptidic precursors 

because of the higher rigidity prompted by the non-covalent intramolecular 

interactions. Furthermore, in view of the presence of six imine groups, we have also 

investigated the DCvC behaviour of these novel pseudopeptidic molecular cages in 

competition experiments with the parent tris(2-aminoethyl)amine (TREN) as well as 

the related self-sorting properties.  

 

Scheme 8.1. Molecular structures of the tripodal pseudopeptides (LTV, DTV, LTF, DTF) 

and the selected dialdehyde (A), together with the generated [3 + 2] homoleptic imine-based 

organic macrobicyclic cryptand cages. V (valine) and F (phenylalanine) indicate the amino 

acid used for the preparation of the tripodal pseudopeptidic component. D and L indicate 

the amino acid enantiomer used for the preparation of the tripodal pseudopeptidic 

component. 

 

8.1.3. Experimental section 

General. 

NMR spectra were recorded on Bruker Avance 400 (400 MHz for 1H and 100 

MHz for 13C{1H}), Bruker Avance III plus 400 (400 MHz for 1H and 100 MHz for 

13C{1H}), and Bruker Ascend Spectroscope Avance Neo-500 MHz (500 MHz for 1H 

and 125 MHz for 13C{1H}) instruments. MestReNova 10 software was used for the 

treatment of the NMR spectra. Chemical shifts are given in ppm. Residual solvent 
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peaks were taken as reference (CDCl3:7.26 ppm). NMR tubes were sealed with 

Teflon caps to avoid evaporation of solvent and changes in concentration. 

Quantitative 1H NMR were measured using the integration of the residual solvent 

peaks as internal standard. The error in 1H NMR integration amounts to ± 5% (the 

error bars in the quantitative NMR graphs account for 5% of each data point). The 

coupling constants (J) are listed in Hz. Peaks are described as singlet (s), doublet (d), 

triplet (t), doublet of doublets (dd) and multiplet (m). Unless otherwise noted, spectra 

were recorded at 25 °C. 

HRMS-ESI (High-Resolution Mass Spectrometry-Electro-Spray Ionisation) 

mass spectra were recorded by direct injection into a ThermoFisher Exactive Plus 

EMR Orbitrap mass spectrometer. The CD spectra were recorded on CD-ORD J-

1500 (Jasco). 

Commercially available chemicals were purchased from Sigma-Aldrich, Alfa 

Aesar, Fluorochem, TCI and were used without further purification. Solvents and 

reagents of pharmaceutical grade quality were purchased from Carlo Erba, and 

solvents of spectroscopic grade were purchased from Sigma-Aldrich and Fisher 

Chemical. CDCl3 was purchased from Euriso-TOP and filtered through basic 

alumina to remove traces of acidity before use. CD3CN was purchased from Euriso-

TOP. 

General Synthetic Procedures. 

Synthesis of (LTV)2A3: LTV (0.220 mg; 0.496 mmol) was dissolved in CHCl3 (15 

mL), then A (0.156 g; 0.744 mmol) in CHCl3 (18 mL) was added dropwise over 5 

min. The resulting clear, colourless solution was stirred for 72 h at room temperature. 

Then, 0.2 g of Na2SO4 were added to the solution to remove as much water as 

possible. The suspension was filtered off and the resulting solution was dried at 

reduced pressure and low temperature (ca. 5-10 ºC) to afford pure (LTV)2A3 as a 

white solid. Yield: 0.259 g (74%); 1H NMR (500 MHz, 25 ºC, CDCl3) δ 8.25 (s, 1H), 

8.00 (s, 1H), 7.72 (d, J = 8.1 Hz, 2H), 6.48 (d, J = 7.8 Hz, 2H), 3.96 (t, J = 11.2 Hz, 

1H), 3.62 (d, J = 7.9 Hz, 1H), 3.03 – 2.90 (m, 1H), 2.61 (d, J = 3.7 Hz, 2H), 2.22 (d, 
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J = 7.1 Hz, 1H), 1.04 (d, J = 6.7 Hz, 3H), 0.81 (d, J = 6.6 Hz, 3H). 13C{1H} NMR 

(125 MHz, 25 ºC, CDCl3) δ 172.1, 162.9, 143.3, 134.6, 128.8, 127.9, 84.8, 57.2, 37.4, 

33.0, 19.7, 19.6. HRMS (ESI+) m/z: [M+2H]2+ calcd 705.4361, found 705.4387. 

Synthesis of (DTV)2A3: DTV (0.226 g; 0.510 mmol) was dissolved in CHCl3 (16 

mL), then A (0.160 g; 0.765 mmol) in CHCl3 (18 mL) was added dropwise over 5 

min. The resulting clear, colourless solution was stirred for 72 h at room temperature. 

Then, 0.2 g of Na2SO4 were added to the solution to remove as much water as 

possible. The suspension was filtered off and the resulting solution was dried at 

reduced pressure and low temperature (ca. 5-10 ºC) to afford pure (DTV)2A3 as a 

white solid. Yield: 0.284 g (81%); 1H NMR (500 MHz, 25 ºC, CDCl3) δ 8.25 (s, 1H), 

8.00 (s, 1H), 7.72 (d, J = 8.1 Hz, 2H), 6.48 (d, J = 7.8 Hz, 2H), 3.96 (t, J = 11.2 Hz, 

1H), 3.62 (d, J = 7.9 Hz, 1H), 3.03 – 2.90 (m, 1H), 2.61 (d, J = 3.7 Hz, 2H), 2.22 (d, 

J = 7.1 Hz, 1H), 1.04 (d, J = 6.7 Hz, 3H), 0.81 (d, J = 6.6 Hz, 3H). 13C{1H} NMR 

(125 MHz, 25 ºC, CDCl3) δ 172.1, 162.9, 143.3, 134.6, 128.8, 127.9, 84.8, 57.2, 37.4, 

33.0, 19.7, 19.6. HRMS (ESI+) m/z: [M+2H]2+ calcd 705.4361, found 705.4387. 

Synthesis of (LTF)2A3: LTF (0.298 g; 0.507 mmol) was dissolved in CHCl3 (16 

mL), then A (0.159 g; 0.761 mmol) in CHCl3 (18 mL) was added dropwise over 5 

min. The resulting clear, colourless solution was stirred for 40 h at room temperature. 

Then, 0.2 g of Na2SO4 were added to the solution to remove as much water as 

possible. The suspension was filtered off and the resulting solution was dried at 

reduced pressure and low temperature (ca. 5-10 ºC) to afford pure (LTF)2A3 as a 

white solid. Yield: 0.379 g (88%); 1H NMR (500 MHz, 25 ºC, CDCl3) δ 8.33 (dd, J = 

7.9, 4.4 Hz, 1H), 7.64 – 7.50 (m, 3H), 7.09 – 6.99 (m, 3H), 6.88 (t, J = 7.5 Hz, 2H), 

6.07 (d, J = 7.8 Hz, 2H), 4.21 (dd, J = 11.1, 2.6 Hz, 1H), 4.01 – 3.89 (m, 1H), 3.65 

(dd, J = 13.4, 2.5 Hz, 1H), 3.05 – 2.94 (m, 1H), 2.94 – 2.79 (m, 2H), 2.64 – 2.54 (m, 

1H). 13C{1H} NMR (125 MHz, 25 ºC, CDCl3) δ 172.9, 163.7, 143.3, 136.9, 134.1, 

130.2, 128.8, 128.4, 128.0, 126.7 128.8, 127.9, 77.9, 56.8, 42.1, 39.1, 29.9. HRMS 

(ESI+) m/z: [M+2H]2+ calcd 849.4372, found 849.4356. 
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Synthesis of (DTF)2A3: DTF (0.290 g; 0.493 mmol) was dissolved in CHCl3 (15 

mL), then A (0.155 g; 0.740 mmol) in CHCl3 (18 mL) was added dropwise over 5 

min. The resulting clear, colourless solution was stirred for 40 h at room temperature. 

Then, 0.2 g of Na2SO4 were added to the solution to remove as much water as 

possible. The suspension was filtered off and the resulting solution was dried at 

reduced pressure and low temperature (ca. 5-10 ºC) to afford pure (DTF)2A3 as a 

white solid. Yield: 0.377 g (90%); 1H NMR (500 MHz, 25 ºC, CDCl3) δ 8.33 (dd, J = 

7.9, 4.4 Hz, 1H), 7.64 – 7.50 (m, 3H), 7.09 – 6.99 (m, 3H), 6.88 (t, J = 7.5 Hz, 2H), 

6.07 (d, J = 7.8 Hz, 2H), 4.21 (dd, J = 11.1, 2.6 Hz, 1H), 4.01 – 3.89 (m, 1H), 3.65 

(dd, J = 13.4, 2.5 Hz, 1H), 3.05 – 2.94 (m, 1H), 2.94 – 2.79 (m, 2H), 2.64 – 2.54 (m, 

1H). 13C{1H} NMR (125 MHz, 25 ºC, CDCl3) δ 172.9, 163.7, 143.3, 136.9, 134.1, 

130.2, 128.8, 128.4, 128.0, 126.7 128.8, 127.9, 77.9, 56.8, 42.1, 39.1, 29.9. HRMS 

(ESI+) m/z: [M+2H]2+ calcd 849.4372, found 849.4356. 

X-Ray Crystallography. 

LTV and (LTF)2A3 X-Ray diffraction data was obtained on a 4-circle Xcalibur 

EosS2 diffractometer (Agilent Technologies) equipped with a CCD detector. CCDC 

numbers: 2143486 and 2143485, respectively. DTV, (DTF)2A3 and (DTV)2A3 X-

Ray diffraction data was obtained on a SuperNova-Dual diffractometer (Agilent 

Technologies) equipped with an Atlas CCD detector. CCDC numbers: 2143483, 

2143482, and 2143484, respectively. The structures were solved with the SHELXT 

2014/577 structure solution program and refined with the SHELXL-2018/378 

refinement package. Artwork representations were processed using MERCURY79 

software. See Supplemental CD for details.  

DFT Calculations. 

DFT calculations were run with Gaussian 09 (revision B.01).80 Geometry 

optimizations were carried out without symmetry restrictions at the B3LYP level,81 

using the Lanl2Dz basis set.82 Analytical frequency calculations were used to 

characterise each stationary point as a minimum. These calculations, carried out at 
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298.15 K, also allowed for obtaining the thermal and entropic corrections required 

to calculate Gibbs energy differences. See Supplemental CD for details. 

The X-ray geometric structures for the homochiral species were used as the 

starting point for Montecarlo conformational searchers. The most stable 

conformation was initially determined at the MMFF level of theory, and then the 

DFT models were calculated. The same procedure was followed for the heterochiral 

species, starting from the X-ray geometry of the homochiral species, and then 

modifying the three chiral centres of one of the cage lids 

 

8.1.4. Results and discussion 

8.1.4.1. Synthesis and characterisation of the pseudopeptidic cryptands 

The reactions examined involved four pseudopeptidic tripodal compounds 

derived from natural L-valine and L-phenylalanine, as well as from their 

corresponding D-enantiomers. The syntheses of the different tris(aminoamides) 

followed previously reported procedures.37 For the valine derivatives, DTV and 

LTV, details of their solid state structures were established by single crystal X-ray 

crystallography (Figure S8.1a and S8.1b, respectively). Both structures present a 

highly symmetric fully expanded conformation, with the arms of the pseudopeptide 

located in the same horizontal plane. The angles between the three different arms are 

of 112.9(2)º, almost equivalent to the theoretical distribution for a trigonal planar 

molecular geometry (120.0º). The adoption of such expanded conformation can be 

explained by the low-energy packing accomplished in solid-state, as the neighbouring 

molecules of the valine-derived tripodal compounds are interacting by means of 

parallel intermolecular hydrogen bonding (Figure S8.1c).38,39 Indeed, the calculated 

N···O distance in the solid-state structures for the three symmetric intermolecular 

hydrogen bonds formed was 2.835(7) Å (HN···O=C bonding, 90% vdWN,O).40,41 

Hence, both LTV and DTV formed β-sheet-like self-assembled crystalline solids.42,43 
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The synthesis of macrobicyclic structures from two tripodal triamine and three 

dialdehyde components involves the formation of six imine groups by reversible 

amine-aldehyde condensations in a multiple dynamic covalent process allowing for 

error correction in the course of the reaction.13,14,15,17 Despite the unfavourable 

extended spatial conformation seen in the solid-state for the pseudopeptidic 

precursors, their capability to form cryptands was evaluated by reacting each of them 

with 4,4'-biphenyldicarboxyaldehyde (Scheme 8.1). First, the reaction conditions 

were optimized using LTV as the triamino compound and A as the dialdehyde. When 

the reaction was performed in acetonitrile (3 mM in LTV and 4.5 mM in A), a 

substantial polymeric precipitate was formed after 15 h at room temperature. This 

yellowish material was only soluble in a 50 mol% solution of trifluoroacetic acid in 

wet CDCl3, allowing for identification of the characteristic 1H NMR signals for LTV 

and A. This result agrees with the formation of a highly crosslinked imine-based 

polymer, undergoing acid-catalysed hydrolysis.44 Performing the reaction in CD3CN 

at 25 ºC allowed real time monitoring the imine formation reactions (Figure S8.2). 

After 15 h, some yellowish precipitate was formed, while the solution contained a 

complex mixture of unreacted reagents (ca. 30%), unidentified intermediates, and 

10% of the desired cryptand. After 10 days at room temperature, the reaction led to 

14% of unreacted A and ca. 30% of (LTV)2A3 as the predominant product in 

solution. The presence of (LTV)2A3 was also corroborated by HRMS (Figure S8.3). 

Diffusion-ordered spectroscopy (1H DOSY NMR) for the isolated homoleptic l-

valine-derived molecular cage provided a diffusion coefficient of 7.08·10-6 cm2s-1 

(Figure S8.4), corresponding to a molecular volume of 3037 Å3.45 

When the reaction was performed in CDCl3 at room temperature (3 mM in 

LTV, 4.5 mM in A) no precipitation was observed even after 5 days of reaction. 1H 

NMR revealed the formation of the desired cryptand almost quantitatively (93% 

NMR yield) after 4 days (Figure 8.1a). Conversion of A was higher than 90% after 8 

h, and complete after 20 h. Thus, the consumption of A occurred much faster than 

the appearance of the (LTV)2A3 product. This behaviour indicated the occurrence 

of multiple condensation reactions generating initially different intermediates. This 
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double macrocyclization process was also followed by HRMS analysis. Although 

HRMS analyses are not fully quantitative, they can be very useful for studying the 

appearance and disappearance of different components in the course of the 

reaction.15 Indeed, Figure 8.1b shows the relative distribution for the detected 

intermediates present at different reaction times, together with the formation of the 

desired [3+2] cage. 

 

Figure 8.1. a) Kinetic profile (1H NMR, 400 MHz) for the formation of (LTV)2A3. 

Amount of conversion of A and yields for (LTV)2A3 determined with NMR integration. 

Reaction conditions: room temperature, 3 mM in LTV and 4.5 mM in A in CDCl3. b) 

Trends in product distribution calculated for the different reaction times obtained from 

non-linear fitting of HRMS data. 

The evolution with time of the different signals in the 1H NMR spectra afforded 

valuable information (Figure S8.5a). After 2 h, once the characteristic signals for the 

macrobicycle (LTV)2A3 were well displayed in the spectra, the signal corresponding 

to water started to shift to higher δ values (Δδ44h = +0.4 ppm, orange discontinuous 

lines in Figure S8.5a). This observation suggests the existence of strong interactions 

between the molecular cage and water molecules, with the hydrophobic medium 

likely favouring the encapsulation of H2O molecules tightly hydrogen bonded to the 

pseudopeptidic moieties of the cage. Therefore, water molecules, as released in the 

condensation steps, could act as a thermodynamic template,46,47,6 stabilizing the 

structure of (LTV)2A3 and thus favouring its formation, possibly in an autocatalytic 

fashion.48,49 No significant shift was observed for water molecules in the experiment 
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in acetonitrile ((Δδ10days = +0.02 ppm), suggesting that water templation is much less 

effective in more polar solvents (Figure S8.5b). 

Due to random twisting motions around the axis of the bridgehead nitrogens, 

the spectrum of (LTV)2A3 appears as highly symmetrical, as only a single set of 

signals is observed, for example, for the imine protons (marked as I in Figure S8.6) 

and the proton of the stereogenic carbons (C in Figure S8.6). The two doublets 

distinctive of para-substituted aromatic rings (A and B, Figure S8.6) appearing at 7.42 

and 6.48 ppm, respectively, reveal the existence of very different electronic 

environments for both hydrogen atoms, with one of them substantially shielded. It 

suggests a significant twisting around the N---N bridgehead axis of the three-

dimensional molecular cage with the involvement of π-π intramolecular interactions. 

It was especially noticeable in the signals of the protons of the methylene group 

attached to the NH of the amide groups, appearing as diastereotopic protons (E and 

E’ in Figure S8.6). The amide protons (D in Figure S8.6) increase their hydrogen 

bonding in the cage, as their signal appears at higher δ values than in the open-chain 

LTV (7.98 ppm vs 7.67 ppm, 1.5 mM in CDCl3). 

The outcome of the self-sorting in the present system may result from its 

response to solvent effectors. When the reaction is carried out in a polar solvent such 

as acetonitrile, products of polymeric nature are generated. Precipitation of such 

polymers traps the system out-of-equilibrium, and thus without sorted outcome. This 

shortcoming can be addressed by changing the solvent to chloroform, which keeps 

the various intermediates in solution and allows for reaching equilibrium, possibly 

also facilitated by the template effect of encapsulated water molecules, as found in 

the crystal structures (Figure 8.2). 

Under these optimized conditions, the condensation reactions between A and 

the other pseudopeptidic reagents, DTV, LTF and DTF, were studied separately. 

All the macrobicyclization reactions afforded the corresponding cryptand with 

isolated yields higher than 80% for a 3 mM concentration in the triamine (Entries 1-

4, Table 8.1). Interestingly, a 5-fold increase in concentration did not result in any 
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significant decrease in yields (Entries 5-8 in Table 8.1), emphasizing the robust 

fidelity of the reagents to self-assemble in such [3+2] architectures. Regarding the 

effect of changing the amino acid sidechain, slightly better results were observed for 

phenylalanine derivatives ((LTF)2A3 and (DTF)2A3). 

Table 8.1. Isolated yields obtained in the condensation reactions between A and the four 
different pseudopeptidic tripodal compounds. 

Entry Macrobicycle 
Conc 

(mM)a,b 

Isolated yield 

(%)c 

1 (LTV)2A3 3 85 

2 (LTF)2A3 3 90 

3 (DTV)2A3 3 87 

4 (DTF)2A3 3 92 

5 (LTV)2A3 15 74 

6 (LTF)2A3 15 88 

7 (DTV)2A3 15 81 

8 (DTF)2A3 15 90 
a Solvent: CHCl3, reaction temperature: 25 ºC, reaction time: 5 days. b Concentration of the 
tripodal open-chain pseudopeptide. c Pure products were isolated after Na2SO4 filtration and 
solvent evaporation, not needing further purification. 

Crystals suitable for X-ray diffraction were obtained for (DTV)2A3, (LTF)2A3 

and (DTF)2A3. These solid-state structures provided unambiguous evidence for cage 

formation (Figure 8.2). In all cases, the hydrophobic sidechains (isopropyl and benzyl 

groups for valine and phenylalanine derivatives, respectively) are located in the outer 

part of the cryptand. In the same way, the three biphenyl fragments are arranged in 

a helical disposition involving intramolecular π-π interactions. Thus, in the case of 

(LTF)2A3, the three interacting aromatic bridges adopt two circular edge-tilted-T 

arrangement with the angles between the centroids of the benzene rings (61.22(2)º, 

60.70(2)º, and 58.08(2)º) defining two essentially equilateral triangles (Figure S8.7a).50 

For each set of three aromatic rings, the smallest intramolecular HAr-centroid 

distances were of 2.8321(10), 2.7072(9), and 2.8671(10) Å, corroborating the 

definition of a slightly distorted equilateral triangle. Overall, the lines connecting the 
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centroids in the two sets of benzene rings identify a Star of David (Figure S8.7b).51-

53 

 

Figure 8.2. Solid-state molecular structures of (LTF)2A3 and (DTF)2A3 and (DTV)2A3 

(from left to right) showing also the helical chirality enforced by the asymmetric α-C centre 

as obtained for a) M-(LTF)2A3, b) P-(DTF)2A3 and c) P-(DTV)2A3. Side-view (top) and 

front-view (bottom) have been represented in all cases. Hydrogen atoms, non-essential 

solvent molecules and disorder have been removed. Oxygen atoms of the encapsulated 

water molecules have been represented in space-filling mode for clarity. See supplemental 

information for crystallographic details. 

A similar scenario is found for (DTV)2A3, although in the valine-derived 

cryptand the shortest HAr-centroid distances are slightly larger (2.9980(18) Å). These 

CH···π interactions are in good agreement with the observed 1H NMR shift of the 

aromatic proton appearing at 6.48 and 6.07 ppm for (LTV)2A3/(DTV)2A3 and 

(LTF)2A3/(DTF)2A3, respectively (Figures S8.27 and S8.33). The aromatic 

sidechains of the phenylalanine derivative also display π-π interactions with the 

bisphenyl bridging units. The shortest distance between the HAr of phenylalanine and 

the closest aromatic carbon of the biphenyl bridge is of 2.731(2) Å. These additional 

interactions can help to stabilize the three-dimensional structure, explaining the 

b) c)a)
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higher yields observed in comparison with the valine derivatives (see Table 8.1). The 

polar groups of the pseudopeptidic units are predominantly facing the cavity, creating 

two hydrophilic pockets in a cage with a strongly hydrophobic surface. Two 

molecules of water are encapsulated inside the polar terminal pockets (Figures 8.2 

and S8.8), hydrogen bonded to the protons of the amide groups (distance 

Owater···Namide = 3.063(6) Å, 97% vdWN,O for (LTF)2A3/(DTF)2A3 and 3.062(5) Å, 

97% vdWN,O for (DTV)2A3) and with the basic nitrogen atom of the imine groups 

(distance Owater···Nimine = 3.050(7) Å, 97% vdWN,O for (LTF)2A3/(DTF)2A3 and 

3.037(4) Å for (DTV)2A3, 96% vdWN,O). This finding is in accordance with water 

acting as thermodynamic template. Additional intramolecular hydrogen bonds are 

found between the NH group of the amides and the N atom of the imines, with 

distances Namide···Nimine of 2.732(4) Å (82% vdWN,N) for (LTF)2A3/(DTF)2A3 and 

2.787(6) Å (84% vdWN,N) for (DTV)2A3 (Figure S8.8). The intermolecular 

interactions between water and cage were further corroborated by variable 

temperature 1H NMR spectroscopy, observing a shift towards lower δ for the water 

signal and for the NH protons of the amides with increasing temperatures (Figure 

S8.9). 

Especial attention should be paid to the twisted conformation adopted by the 

cryptands. Solid state structures of the pseudopeptidic macrobicycles demonstrate 

that, in each of the framework of the cages, the three biphenyl units adopt the same 

rotational conformation, namely either P for clockwise rotation ((DTF)2A3 and 

(DTV)2A3) or M for anti-clockwise rotation ((LTF)2A3 and (LTV)2A3). Each 

homoleptic cage thus has helical homochirality, namely P3 or M3,54-55 which is driven 

by the orientation adopted by the three aromatic units because of the aforementioned 

intramolecular CH···π interactions. This propeller-shaped central aromatic moiety 

can find similarities with secondary structures found in Nature,17,56 as for example 

the DNA triple helix or the collagen triple helix.57-59 

We envisaged at this point that such chiral environment should result in strong 

CD differences for the cryptands. The two enantiomers for each pseudopeptidic cage 

presented mirror-like CD spectra (Figure 8.3), expressed through a cotton effect 
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centred at 309 nm, corresponding to the UV absorption for the conjugated central 

aromatic units.60-62  

 

Figure 8.3. a) CD spectra comparison (CHCl3, 0.015 mM, 25 ºC) for (LTV)2A3 / 

(DTV)2A3 (left) and (LTF)2A3 / (DTF)2A3 (right). The superposition of the spectra for 

each separated enantiomer reflects mirror-like CD. b) Representation of solid-state 

structures found for (XTF)2A3 (X= D or L) showing the helical chirality enforced by the 

asymmetric α-C chirality: M-(LTF)2A3 (left) and P-(DTF)2A3 (right). Solvent molecules and 

hydrogen atoms have been removed for clarity. The aromatic biphenyl bridges have been 

coloured depending on the rotational chirality. 

The Cotton effect was positive in the case of the homoleptic l-cryptands 

((LTF)2A3 and (LTV)2A3) and negative for their enantiomeric molecular cages 

((DTF)2A3 and (DTV)2A3). Hence, the helical arrangement was endowed by the 

intramolecular and intermolecular (with water) supramolecular interactions and the 

rotational homochirality, was governed by the chirality of the initial pseudopeptide. 

It agrees with the solid state structure for the pseudopeptidic based cryptands 

compared to that reported for the cage prepared from TREN and A, in which the 

bridging units were barely twisted.17 
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8.1.4.2. Competition studies with the parent achiral component TREN (T) 

After the successful synthesis, isolation, and characterisation of the four 

homoleptic cages X2A3 (X = LTV, DTV, LTF, DTF), we carried out competition 

experiments for two different tripodal amines: LTV and tris(2-aminoethyl)amine 

(TREN, T). One may consider T to be more reactive than LTV, as the steric 

hindrance resulting from the α-substitution in the pseudopeptide might decrease its 

reactivity. Besides, the nitrogen atoms of the terminal amino groups in LTV could 

be acting as hydrogen bond acceptor in intramolecular interactions, decreasing their 

nucleophilicity. The initial experiment involved a 3 : 2 : 2 mixture of A (4.5 mM), T 

(3 mM) and LTV (3 mM) using CDCl3 as solvent (Figure 8.4). 

 

Figure 8.4. Competition experiment between T and LTV using A as the dialdehyde. 

Reaction conditions: CDCl3, 25 ºC, 3 mM for LTV, 3 mM for T, 4.5 mM for A. The 

abundance of each species was determined by NMR integration. Note: (ocd), only 

compound detected; (nd), not detected. 

In line with the expected tendency, the only cryptand appreciably present in 

solution after 41 h of reaction was T2A3, with all the initial T reagent being consumed 

(Figure S8.10). In good agreement with this result, the homoleptic cage (LTV)2A3 

and the mixed heteroleptic cage (T)(LTV)A3 were not detectable in the 1H NMR 

spectrum, whereas 95% of the initial LTV was still present unreacted. Comparing 

the kinetic profiles for each separated macrocyclization, noteworthy differences were 

observed. For instance, the consumption of the aldehyde was slightly faster in the 

presence of T than for its competitor LTV, confirming the higher nucleophilicity of 
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T over the open-chain tripodal pseudopeptide (Figure S8.11a). In terms of the yield 

for the respective cages, the formation of T2A3 was also kinetically favoured, as yields 

higher than 50% were achieved after only 50 min, while it took 600 min for reaching 

such yields for (LTV)2A3 (Figure S8.11b). The product distribution was stable for 

more than 10 days, without any exchange between components occurring. This 

observation suggested that the homoleptic cage T2A3 was also the thermodynamically 

favoured product. 

 

8.1.4.3. Effect of the sidechain in the self-sorting between components 

 

Figure 8.5. Self-sorting experiment between LTV and LTF using A as the 

dialdehyde. a) Representation of the self-sorting experiment between LTV and LTF 

using A as the dialdehyde. Reaction conditions: CDCl3, 25 ºC, 3 mM for LTV, 3 mM 

for LTF, 9 mM for A. b) Partial 1H NMR (400 MHz, CDCl3, 25 ºC) spectra for the 

self-sorting experiment at 1 h (red spectrum), 4 h (green spectrum), 15 h (light blue 

spectrum), and 240 h (purple spectrum). 
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The effect of the amino acid sidechain in the reactivity and self-sorting 

properties of the cryptands was also studied. This experiment seemed more 

challenging, as the reactivity of the tripodal pseudopeptides LTV and LTF was 

expected to be similar. The self-sorting experiment was performed using a 2 : 2 : 6 

mixture (LTV : LTF : A) in CDCl3 at room temperature (Figure 8.5a). Monitoring 

the product distribution by 1H NMR spectroscopy showed that the homoleptic cage 

(LTV)2A3 was formed prior to the homoleptic (LTF)2A3 one (Figure 8.5b), the 

NMR yields being respectively 11% and 5% after 4 h. In addition to the characteristic 

peaks of the homoleptic cages, a new signal at 6.20 ppm was assigned to the 

heteroleptic (LTV)(LTF)A3 species. The final 1H NMR spectrum indicated that 

these three products embraced a statistical distribution, namely 1:2:1, as confirmed 

by NMR integration. The same statistical distribution was also observed in the HRMS 

analysis of the crude after 10 days of reaction (Figure S8.12). This result highlights 

that the sidechain did not trigger significant changes in the energy distribution 

between homoleptic and heteroleptic compounds. 

To probe whether the distribution observed for the self-sorting experiment 

corresponded to the thermodynamically favoured distribution, we envisaged that 

mixing two equimolar solutions of pure (LTF)2A3 and (LTV)2A3 should result in 

the formation of the heteroleptic cage over time. This process would be possible 

through component exchange in presence of a nucleophile or hydrolysis and further 

rearrangement of the components, permitted by the dynamic nature of the imine 

bonds. Similar exchange processes have been already established for dynamic 

macrocycles and cryptands.15,17 Thus, pseudopeptides LTV and LTF were first 

reacted separately with A (3 mM for the pseudopeptide and 4.5 mM for the 

dialdehyde, CDCl3, 25 ºC) for 72 h prior to combining the two reaction samples. The 

resulting mixture was left to equilibrate, monitoring the change in the product 

distribution over 12 days (Figure S8.13). The increase in concentration of A over time 

suggested that the error-checking was occurring through hydrolysis and further 

rearrangement of the components. Although the self-sorting experiment was not 

completed in the time-range monitored, a final distribution of 30 : 33 : 37 was 
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observed for (LTV)2A3 : (LTV)(LTF)A3 : (LTF)2A3, suggesting that the three 

cryptands presented similar energies. HRMS analysis of the final reaction mixture (12 

days of reaction) corroborated the formation of the heteroleptic cryptand (Figure 

S8.14). 

Performing the competition experiment in the presence of a defect of 

dialdehyde (3 mM for LTV, 3 mM for LTF and 4.5 mM for A), the kinetic 

preferences of the macrocyclization were also determined (Figure S8.15a). The 

signals characteristic of (LTV)2A3 were the first to be detectable in the 1H NMR 

spectra (Figure S8.15b). The heteroleptic cage was the second macrobicycle to be 

formed, whereas the homoleptic (LTF)2A3 cage was only detected after 8 h. The 

corresponding kinetic profiles suggest that the pseudopeptide LTV must be 

somewhat more nucleophilic and/or less sterically hindered than LTF (Figure 

S8.15c). The kinetic profiles for the separated synthesis of (LTF)2A3 and (LTV)2A3 

confirmed the higher reactivity of LTV as indicated at short times by the faster 

consumption of A (Figure S8.16). Inspired by previous studies where the 

introduction of external chemical species resulted in interesting changes in 

selectivity,63-65 the effect of anionic species as chemical effectors in the competition 

experiment was assayed, but only minor changes were observed in the final 

distributions after 8 days of reaction (Table S8.1). 

 

8.1.4.4. Effect of component chirality in the self-sorting processes 

The macrobicyclic compounds (LTX)2A3 and (DTX)2A3 (X=V or F) combine 

remarkable chirality features of two types: asymmetric α-C D,L chirality and helical 

P,M chirality due to twisting around the N---N bridgehead axis enforced by the 

asymmetric α-C centre in opposite directions for D and L. Figures 8.2 and 8.3 show 

the corresponding molecular structures in the solid state for M-(LTF)2A3, P-

(DTF)2A3 and P-(DTV)2A3. These observations, together with the spectroscopic 

data found, suggest a strong helical chirality induction.66,67 A related homochiral 
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induction by asymmetric α-C centers is found in trinuclear double stranded 

helicates,68 and in the formation of chiral tetrahedral cages.69 

The information gathered from 1H NMR, CD and solid state analyses, indicated 

that the helical macrobicycles here described could promote chiral self-sorting. 

Several examples can be found in the literature describing homochiral 

rearrangements in the syntheses of highly twisted molecules or pinwheel-shaped 

structures.70-72 The formation of helical architectures generally results in homo-self-

sorting, as the arrangement in the heteroleptic species would always lead to a helical 

conflict, coming at high energy costs.32 

The self-sorting between LTV and DTV was first considered. Reacting a 

mixture of the enantiomeric tripodal pseudopeptides with A could produce either 

homochiral (homo-self-sorting) or heterochiral (hetero-self-sorting) macrobicycles 

(Figure 8.6).73,74  

 

Figure 8.6. Self-sorting experiment between LTV and DTV using A as the dialdehyde, 

leading to two homoleptic/homochiral enantiomers (DTV)2A3, (LTV)2A3 and a 

heteroleptic/heterochiral triply-meso diastereomer (LTV)(DTV)A3. Reaction conditions: 

CDCl3, 25 ºC, 3 mM LTV, 3 mM DTV, 9 mM A. 
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The heterochiral (LTV)(DTV)A3 assembly represents the unusual case of a 

triple stranded meso structure, diastereomeric with respect to the homochiral 

assemblies. It must be noted that 1H NMR spectroscopy can only quantify the 

homochiral/heterochiral ratio, namely ((LTV)2A3 + (DTV)2A3) / (LTV)(DTV)A3. 

1H NMR spectra for the reaction mixture at different times (Figure S8.17) allowed 

identifying new signals assignable to the heterochiral cage. After 19 h of reaction, a 

product distribution of 59 : 41 (homochiral : heterochiral) was determined, the 

homochiral being favoured. Thereafter, a progressive decrease in the concentration 

of the heterochiral species was observed over time (Figure S8.18). After 13 days at 

room temperature, the heterochiral cage was still present in the reaction mixture, with 

a 90 : 10 homo- to heterochiral ratio. HRMS analyses corroborated that the major 

compounds during the rearrangement were the homochiral/heterochiral cages of 

same mass, being the three components characterised by m/z peaks at 1410.9 and 

705.4 m/z, for [M+H]+ and [M+2H]2+ respectively (Figure S8.19). Carrying out the 

experiment in the presence of 10 mol% of TFA resulted in a ca. 2.6 times faster 

homochiral self-sorting, as the redistribution was catalysed by the acid (Figure S8.20). 

Interestingly, one of the signals assigned to the aromatic protons of the biphenyl 

groups of the heterochiral cages did not show the characteristic δ shift observed in 

homochiral cryptands (compare B and B’ signals in Figure S8.21). This suggests that 

the heterochiral species does not induce a helical twisting with π-π stacking as a result 

of the opposite twisting preference of the heterochiral (LTV) and (DTV) lids. The 

self-sorting process should be even more efficient between LTF and DTF, as these 

phenylalanine-derived macrobicycles presented a more pronounced helical 

conformation due to the additional π-interactions with the aromatic sidechains. In 

agreement with this hypothesis, when reacting a LTF : DTF : A mixture (2 : 2 : 6 

equivalents respectively) the evolution of the peaks for the different species showed 

a significantly faster rearrangement, shifting from an initial 60 : 40 homochiral : 

heterochiral distribution to the final 96 : 4 distribution in less than 3 days (Figure 

S8.22). 
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DFT calculations for the homochiral and heterochiral macrobicylic cages were 

carried out to estimate energy differences for valine and phenylalanine derivatives. 

All conformation optimizations were calculated for the isolated molecules, providing 

endergonic formation energies for the cryptands (Figure 8.7a). Energy diagrams for 

the isolated compounds do not agree with experimental results, as, for instance, the 

heterochiral cage was calculated to be almost 10 kcal/mol more stable for the valine 

cryptand. However, taking into account the observed binding of water molecules 

inside the cavity of the ditopic cryptand cage, the energies for the most stable 

conformation of the macrobicycles were calculated with two molecules of water 

encapsulated within the hydrophilic pockets (Figure 8.7b).  

 

Figure 8.7. Most stable conformation (DFT, B3LYP, LANL2DZ, Gaussian09) for the 

homochiral and heterochiral cryptands a) in the absence and b) in the presence of two water 

molecules. Free energies (kcal/mol) have been calculated from the formation energies of 

the reaction components. See computational section in supplemental information for more 

details. 

The trapped water molecules were clearly stabilizing the homochiral cages, 

decreasing their energy by 15.2 and 10.6 kcal/mol for (LTV)2A3 and (LTF)2A3, 

respectively. This stabilization was much lower for the heterochiral cage, in which 

the weaker host-guest noncovalent interactions barely modified the initial energy (< 

2 kcal/mol). This role of the water molecules was confirmed by 1H NMR 

experiments, revealing a significant shift towards higher δ values of the water signal 
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as the system underwent the heterochiral to homochiral change (Figure S8.23). It 

must be noted that the encapsulation of water seemed more efficient for the valine 

cryptand, ΔδH2O = +1.1 ppm for (LTV)2A3 and +0.35 ppm for (LTF)2A3, which 

correlates well with the energy reduction estimated upon water binding. 

The energy differences between the homochiral and heterochiral cages in the 

presence of water were of 5.9 and 10.1 kcal/mol for the valine and phenylalanine 

macrobicycles respectively. These values are in agreement with the self-sorting 

experiments for the systems, revealing a higher predominance of the homochiral cage 

-under the same conditions- for the phenylalanine derivative (Figures S8.18 and 

S8.22). These results indicate that the encapsulation of water played a crucial role in 

the self-sorting outcome, showcasing a non-biological example of the role of water 

in shaping sophisticated tertiary and quaternary structures found in proteins.75 

The former results highlight the key role of the side chain of the constituent 

amino acid in these processes. The efficient encapsulation of H2O can be associated 

to the hydrophobicity of the side chains in Val and Phe derivatives. The higher 

efficiency observed for Val can reflect the higher hydropathy of its side chain.76 It 

must be noted, besides, that the folding of the benzyl group to maximize the 

aromatic-aromatic interactions leads to a less efficient hydrophobic shielding of the 

pseudopeptidic fragment interacting with the water molecule in XTF2A3 and can also 

disturb the hydrogen bond interactions associated to this encapsulation. Hence, the 

strong hydrophobic surface of XTV2A3 enhances water encapsulation and, thus, 

homo-chiral self-sorting. In agreement with this, experiments carried out with glycine 

(less hydrophobic and lacking chirality) and tryptophane (significantly more 

hydrophilic)76 did not produce in an efficient way the desired molecular cages (only 

complex mixtures of products were obtained). 

Considering this effective chiral self-sorting, one may surmise that the same 

pronounced helical twisting induced by the chiral centers could also affect the self-

sorting of two tripodal pseudopeptides with different sidechains and opposite 

chirality. When components LTV, DTF and A were mixed in a 2 : 2 : 6 ratio in 
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CDCl3, the self-sorting of the system was clearly apparent in the 1H NMR spectra. 

Figure 8.8 shows the evolution of the spectra over time, with the formation of both 

(LTV)2A3 and (DTF)2A3. In excellent accordance with the kinetic preferences of 

LTV over DTF, the (LTV)2A3 macrobicycle was formed earlier than its 

phenylalanine analogue. The spectrum of the reaction outcome after 3 days was a 

superimposition of the spectra from the individual reactions for the preparation of 

the homoleptic/homochiral cryptands under similar experimental conditions, 

revealing the absence of heteroleptic cage (LTV)(DTF)A3. This efficient self-

recognition process was confirmed by HRMS analysis, observing that after 78 h the 

two major products were the homoleptic cages, with only traces of the heteroleptic 

species detected (Figure S8.24). 

 

Figure 8.8. Partial 1H NMR (500 MHz, CDCl3, 25 ºC) spectra for the self-sorting 

experiment at different times. Reagents: LTV, DTF and A (3 mM, 3 mM and 9 mM, 

respectively). The two black spectra on top correspond to the pure macrobicycles (1.5 mM 

each), highlighting the signals for (LTV)2A3 (blue lines) and (DTF)2A3 (purple lines). 

The intramolecular noncovalent forces, and thus the helical chirality of the 

architecture, appear to be responsible for reaching such high-fidelity self-sorting. 

18 h

10 h

6 h

2 h

1 h

78 h
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Performing the process with the alternative mixture of compounds, namely DTV : 

LTF : A reacting in a 2 : 2 : 6 ratio, resulted as expected  in the same homo-self-

sorting, with the spectrum of the final reaction mixture being a superimposition of 

(DTV)2A3 and (LTF)2A3. Therefore, the intrinsic chirality of the secondary structure 

was able to promote excellent selectivities in the self-sorting between components. 

As evidence of chirality driven self-recognition, when all four tripodal reagents were 

mixed in the presence of A in a 2 : 2 : 2 : 2 : 12 ratio (LTV : DTV : LTF : DTF : A), 

the statistical distribution previously observed for the sidechain self-sorting 

experiment (see for instance Figure 8.5) was obtained (Figure S8.25). Hence, the 

system was able to perform chirality self-sorting towards homochiral compounds but 

did not distinguish between the sidechains of the valine or phenylalanine derived 

species. 

 

8.1.5. Conclusions 

In conclusion, the work presented herein describes the efficient synthesis of 

novel chiral pseudopeptidic macrobicycles. Whereas products of polymeric nature 

are favoured in polar solvents, the cage structure is obtained in almost quantitative 

yields in homogeneous solution where equilibrium can be achieved. This high 

efficiency is due to a large extent to the positive template effect of water molecules 

bound in the three-dimensional cavities formed by the tripodal capsules at each end 

of the macrobicyclic structure, as revealed in the solid state by radiocrystallography 

and 1H NMR spectroscopy. The present pseudopeptidic cages display helical chirality 

and a preorganized cavity for molecular recognition of polar substrates in 

hydrophobic media, adding value to their straightforward synthesis via imine 

condensation. 

The pseudopeptidic dynamic library responded primarily to chirality features, as 

high-fidelity chiral homo-self-sorting was achieved for the mixtures. Such fidelity is 

remarkable for such complex multicomponent systems made up from purely organic 

building blocks that differ in chirality, with structures presenting similar binding sites. 
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The encapsulation of discrete water molecules appears to be the main driving force 

for this error-checking process, thus stressing the role of the aqueous medium in the 

formation efficiency and selectivity as well as in the determination of structural 

features of complex three-dimensional architectures in biomolecules. 
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8.2. Supporting information 

 

 
Figure S8.1. Solid state X-ray molecular structures of the valine-derived precursors. a) 

DTV [above: top view; below: side view]. b) LTV [above: top view; below: side view]. c) 

Packing diagram obtained for three vicinal LTV molecules. Hydrogen atoms have been 

omitted. Intermolecular HN···O=C hydrogen bonding and the corresponding N···O 

distance have been highlighted in purple. Atom colour code: red, O; blue, N; grey, C; white, 

H. Disordered water molecules have been omitted for clarity 

 

 
Figure S8.2. Partial 1H NMR (500 MHz, CD3CN, 25 ºC) spectra for the condensation 

reaction between LTV (3 mM) and A (4.5 mM). The CH3CN signal was used as internal 
standard for the experiment. The signals for A and LTV have been highlighted with orange 
squares and purple stars, respectively. The spectrum for pure (LTV)2A3 (black spectrum) in 

CD3CN (1.5 mM) has been included on top for comparison. 

a) b) c)

0 h

15 h

240 h
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Figure S8.3 HRMS (CD3CN, direct infusion) spectrum of the reaction crude after 4 days 

for the condensation between LTV and A (3 mM and 4.5 mM, respectively). The predicted 
and experimental isotopic patterns for the diprotonated [(LTV)2A3 + 2H]2+ species have 

been included in the insets. 

 

 

 

 
Figure S8.4. 2D DOSY (500 MHz, 25 ºC) experiment for (LTV)2A3 in CD3CN (1.5 mM). 
The average diffusion coefficient obtained for the macrobicycle has been highlighted with a 

green bar. 
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Figure S8.5. a) 1H NMR (400 MHz, CDCl3, 25 ºC) spectra for the condensation between 
LTV (3 mM) and A (4.5 mM). The CHCl3 signal was used as internal standard for the 

experiment. The noteworthy shift (+0.4 ppm) for the water signal has been highlighted with 
an orange arrow. b) 1H NMR (500 MHz, CD3CN, 25 ºC) spectra for the condensation 

between LTV (3 mM) and A (4.5 mM). The modest shift (+0.02 ppm) for the water signal 
has been highlighted with an orange arrow. 

44 h

24 h

6 h

2 h

0.5 h

0.2 h

0 h

a)

b)

0 h

10 days



Doubly Chiral Pseudopeptidic Macrobicyclic Molecular Cages 

 

361 

 

Figure S8.6. 1H NMR (400 MHz, CDCl3, 25 ºC) recorded for (LTV)2A3 (1.5 mM). The 
most characteristic peaks for the symmetric macrobicycle have been highlighted with letters 

of different colours. These signals were assigned with the aid of 2D NMR spectra (see 
Figures S28-31). 

 

 

 

 
Figure S8.7. Wireframe representation of the solid-state structure found for (LTF)2A3. a) 
side-view and b) top-view of the cryptand. The biphenyl scaffolds (sticks model) for each 

bridging unit have been highlighted with differentiated colours. The centroids of the 
aromatic rings are represented with spheres of the colours of the corresponding ring. Angles 

and distances between centroids have been coloured in light green. Disorder, hydrogen 
atoms, and solvent molecules have been removed for clarity. 
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Figure S8.8. Stick representation of the water encapsulated within the cryptand cavity of 
(LTF)2A3 (left) and (LTV)2A3 (right). The water molecules are displayed using space fill 
mode. Hydrogen bond distances (N···O and N···N distances) have been highlighted in 

green. Disorder, solvent molecules, and non-essential hydrogen atoms have been emitted 
for clarity. 

 

 
Figure S8.9. Variable temperature 1H NMR (500 MHz, CDCl3) for (LTF)2A3 (3 mM). The 

shifts towards lower δ for water and amide, and towards higher lower δ for the aromatic 
signals have been highlighted with orange arrows. 
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Figure S8.10. Partial 1H NMR (400 MHz, CDCl3, 25 ºC) spectra for the different 

components (T in red, LTV in yellow, T2A3 in dark blue and (LTV)2A3 in purple) and the 
competition experiment NMR sample after mixing (green spectrum) and after 41 h of 

reaction (light blue spectrum). Competition experiment reaction conditions: 3 mM LTV, 3 
mM T, 4.5Mm A, CDCl3, 25 ºC. 

 
 

 
Figure S8.11. Kinetic profiles for the separated synthesis of T2A3 (black squares) and 

(LTV)2A3 (red circles). a) Consumption of A; b) formation of the respective cryptands up to 
50% yields. Data determined by NMR integration. Reaction conditions: room temperature, 

3 mM for LTV / T and 4.5 mM for A in CDCl3 (25 ºC). 
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Figure S8.12. HRMS (range 470 – 580 m/z) spectrum for the self-sorting experiment 
between LTV : LTF : A (3 mM, 3 mM and 9 mM in CDCl3, 25 ºC). The spectrum was 
recorded after 10 days of reaction, when the system had reached equilibrium. The peaks 

highlighted correspond to the triprotonated [cryptand + 3H]3+ species. Colour legend: blue 
for the homoleptic (LTV)2A3, yellow for the heteroleptic (LTV)(LTF)A3, and red for the 

homoleptic (LTF)2A3. 

 

 

Figure S8.13. Partial 1H NMR (500 MHz, CDCl3, 25 ºC) spectra for the exchange 
experiment between (LTV)2A3 (blue star) and (LTF)2A3 (red star). The signal for the 

generated heteroleptic (LTV)(LTF)A3 is highlighted with a yellow star. The initial 
concentration of the cryptands was of 1.5 mM for each homoleptic species. Red stars: 

(LTF)2A3. Blue stars: (LTV)2A3. 
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Figure S8.14. HRMS (range 700 – 900 m/z) for the exchange experiment between 
(LTV)2A3 and (LTF)2A3 (1.5 mM each in CDCl3, 25 ºC). The spectrum was recorded after 
12 days of reaction. The peaks highlighted correspond to the dicharged [cryptand + 2H]2+, 

[cryptand + H + Na]2+, and [cryptand + 2 Na]2+species. Colour legend: blue for the 
homoleptic (LTV)2A3, yellow for the heteroleptic (LTV)(LTF)A3, and red for the 

homoleptic (LTF)2A3. 

 

 
Figure 8.15. a) Representation of the competition experiment between LTV, LTF and A 

(3 mM, 3 mM and 4.5 mM respectively). Reaction conditions: CDCl3, 25 ºC. b) Partial 1H 

NMR (400 MHz, CDCl3, 25 ºC) spectra for the competition experiment. The signals 

correspond to the aromatic protons of (LTV)2A3 (blue stars), (LTF)2A3 (red stars) and 

(LTV)(LTF)A3 (yellow stars). c) Yields for the desired cryptands, as determined by NMR 

integration. 
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Figure S8.16. Kinetic profiles for the separated synthesis of (LTF)2A3 (black squares) and 
(LTV)2A3 (red circles). a) Consumption of A; b) formation of the cryptands (inset showing 

the experimental data at short reaction time 0-400 min). Data determined by NMR 
integration. Reaction conditions: room temperature, 3 mM for LTV / LTF and 4.5mM for 

A in CDCl3. 
 
 

 
 

 

 

 

Table S8.1. Results of the competition experiment between LTV and LTF in the presence 

of anions. 

Effector 
Temp. 
(ºC)a 

Yield 
(LTV)2A3 (%) 

Yield 
(LTV)(LTF)A3 (%) 

Yield 
(LTF)2A3 (%) 

neat 
 

25 
5 

47 
50 

38 
40 

15 
10 

NBu4Cl 
3 mM 

25 
5 

52 
58 

37 
34 

11 
8 

NBu4NO3 
3 mM 

25 
5 

58 
50 

33 
38 

9 
12 

a Reaction conditions: 3 mM for LTV / LTF and 4.5 mM for A in CDCl3 for 8 days. Yields 
for the desired cryptands have been determined with NMR integration.  
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Figure S8.17. Partial 1H NMR (400 MHz, CDCl3, 25 ºC) spectra for the valine-derived 
chiral self-sorting experiment. The signals corresponding to the mixture of homochiral 

cages ((LTV)2A3 + (DTV)2A3) are marked with blue squares, and the ones for the 
heterochiral cage (LTV)(DTV)A3 with red circles. 

 

 

Figure S8.18. Product distribution evolution for the self-sorting experiment between LTV 
(3 mM), DTV (3 mM) and A (9 mM). Reaction conditions; CDCl3, 25 ºC. The values 

corresponding to the mixture of homochiral cages ((LTV)2A3 + (DTV)2A3) are represented 
by blue squares, and the ones for the heterochiral cage (LTV)(DTV)A3 by red circles. 

Product distribution determined by NMR integration. 
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Figure S8.19. HRMS for the reaction crude after 3 days in the self-sorting experiment 
between LTV (3 mM), DTV (3 mM) and A (9 mM). Reaction conditions; CDCl3, 25 ºC. 

The characteristic peaks of the equimassic cryptands ((LTV)2A3, (DTV)2A3, 
(LTV)(DTV)A3) are highlighted in orange. 

 
 

 

 

Figure S8.20. a) Product distribution comparison for the catalysed (10 mol% TFA) vs. 
uncatalysed self-sorting experiment between LTV (3 mM), DTV (3 mM) and A (9 mM). 
Reaction conditions; CDCl3, 25 ºC. Uncatalysed: values corresponding to the mixture of 

homochiral cages ((LTV)2A3 + (DTV)2A3) are represented with blue squares, and the ones 
for the heterochiral cage (LTV)(DTV)A3 with red squares. Catalysed: values corresponding 

to the mixture of homochiral cages ((LTV)2A3 + (DTV)2A3) are represented with purple 
triangles, and the ones for the heterochiral cage (LTV)(DTV)A3 with orange triangles. b) 
Linear ranges for the homochiral abundance in the TFA catalysed (purple triangles) and 
uncatalysed (blue squares) self-sorting. Product distributions have been determined by 

NMR integration. 
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Figure S8.21. Partial 1H NMR (400 MHz, CDCl3, 25 ºC) spectrum for the aromatic A and 
B protons of the bisphenyl bridges. The signals (A and B) corresponding to the homochiral 

cages (LTV)2A3 + (DTV)2A3 are marked with blue squares. The signals (A’ and B’) 
corresponding (LTV)(DTV)A3 are marked with red circles. 

 
 

 

 

Figure S8.22. Product distribution evolution for the self-sorting experiment between LTF 
(3 mM), DTF (3 mM) and A (9 mM). Reaction conditions; CDCl3, 25 ºC. The values 

corresponding to the mixture of homochiral cages ((LTF)2A3 + (DTF)2A3) are represented 
with blue squares, and the ones for the heterochiral cage (LTF)(DTF)A3 with red circles. 

Product distributions have been determined with NMR integration. 
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Figure S8.23. 1H NMR partial spectra (400 MHz, CDCl3, 25 ºC) displaying the downfield 
shift experienced by water molecules in the chiral self-sorting experiment for a) LTV (3 
mM) + DTV (3 mM) + A (9 mM), and b) LTF (3 mM) + DTF (3 mM) + A (9 mM). 

 
 

 

 

 

 

60 : 40

72 : 28

81 : 19

86 : 14

90 : 10

92 : 8

94 : 6

95 : 5

96 : 4

HOMOCHIRAL : HETEROCHIRAL

2 LTF + 2 DTF + 6 A

1.3 days

0.7 days

0.4 days

0.2 days

0 days

3 days

2 days

1 day

1.7 days

9 days

5 days

3 days

2 days

1 day

17 days

15 days

7 day

12 days

2 LTV + 2 DTV + 6 A

59 : 41

66 : 34

69 : 31

76 : 24

81 : 19

86 : 14

88 : 12

89 : 11

90 : 10

HOMOCHIRAL : HETEROCHIRAL

b)

a)



Doubly Chiral Pseudopeptidic Macrobicyclic Molecular Cages 

 

371 

 

Figure S8.24. HRMS (range 460 – 600 m/z) spectrum for the reaction crude of the self-
sorting experiment between LTV, DTF and A (3 mM, 3 mM and 9 mM, respectively, in 

CDCl3, 25 ºC, 78 h). The peaks highlighted correspond to the tricharged [cryptand + 3H]3+ 

species. Colour legend: blue for the homoleptic (LTV)2A3, yellow for the heteroleptic 
(LTV)(DTF)A3 and purple for the homoleptic (DTF)2A3. 

 
 

 

 

Figure S8.25. Partial 1H NMR (400 MHz, CDCl3, 25 ºC, 78 h) spectrum for the self-sorting 
experiment between DTV : LTV : DTF : LTF : A (2 : 2 : 2 : 2 : 12). The signals 

correspond to the aromatic protons of the enantiomeric pairs: (LTV)2A3 + (DTV)2A3 (blue 
stars), (LTF)2A3 + (DTF)2A3 (red stars) and (LTV)(LTF)A3 + (DTV)(DTF)A3 (yellow 

stars). 
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Figure S8.26. Aldehyde, amines and macrobicyclic cages that have been used in this work. 
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Figure S8.27. 1H NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTV)2A3 / (DTV)2A3 (1.5 
mM). 

 

 
Figure S8.28. 13C{1H} NMR (125 MHz, 25 ºC, CDCl3) spectrum for (LTV)2A3 / 

(DTV)2A3 (1.5 mM). 
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Figure S8.29. HSQC NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTV)2A3 / (DTV)2A3 

(1.5 mM). 
 

 
Figure S8.30. COSY NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTV)2A3 / (DTV)2A3 

(1.5 mM). 



Doubly Chiral Pseudopeptidic Macrobicyclic Molecular Cages 

 

375 

 
Figure S8.31. ROESY NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTV)2A3 / 

(DTV)2A3 (1.5 mM). 
 

 
Figure S8.32. HMBC NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTV)2A3 / 

(DTV)2A3 (1.5 mM). 
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Figure S8.33. 1H NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTF)2A3 / (DTF)2A3 (1.5 
mM). 

 

 
Figure S8.34. 13C{1H} NMR (125 MHz, 25 ºC, CDCl3) spectrum for (LTF)2A3 / 

(DTF)2A3 (1.5 mM). 
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Figure S8.35. HSQC NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTF)2A3 / (DTF)2A3 

(1.5 mM). 
 

 
Figure S8.36. COSY NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTF)2A3 / (DTF)2A3 

(1.5 mM). 
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Figure S8.37. ROESY NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTF)2A3 / 

(DTF)2A3 (1.5 mM). 
 

 
Figure S8.38. HMBC NMR (500 MHz, 25 ºC, CDCl3) spectrum for (LTF)2A3 / (DTF)2A3 

(1.5 mM). 
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Figure S8.39. Circular dichroism (25 ºC, CDCl3) spectrum for (LTV)2A3 (0.015 mM). 

 

 
Figure S8.40. Circular dichroism (25 ºC, CDCl3) spectrum for (DTV)2A3 (0.015 mM). 
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Figure S8.41. Circular dichroism (25 ºC, CDCl3) spectrum for (LTF)2A3 (0.015 mM). 

 

 
Figure S8.42. Circular dichroism (25 ºC, CDCl3) spectrum for (DTF)2A3 (0.015 mM). 
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9.1. Main text 

9.1.1. Abstract 

A new family of C2-symmetric pseudopeptides with high functional density for 

supramolecular interactions has been synthetized through the attachment of four 

amino acid subunits to a diamino aliphatic spacer. The resulting open-chain 

compounds present remarkable properties as low molecular weight hydrogelators. 

The self-assembled 3D-networks could be characterised by SEM analyses observing 

regular nanofibers with 80-100 nm diameters. Spectroscopic and molecular 

modelling experiments revealed the presence of strong synergic effects between H-

bonding and π-π interactions, with best results obtained for the homoleptic tetra-

pseudopeptide derived from L-Phe. In addition, these bioinspired hydrogels 

presented pH and CO2 responsive sol-gel transitions. The formation of ammonium 

carbamate derivatives in the presence of carbon dioxide triggered a conformational 

change in the pseudopeptide that was detrimental for its adequate self-assembly. To 

the best of our knowledge, this are the first low molecular weight hydrogelators that 

are responsible to carbon dioxide.  

 

9.1.2. Introduction 

aSoft materials based on low molecular weight gelators (LMWG) have received 

significant attention in the last two decades, as they present some interesting features 

such as well-defined molecular weights, easy structural tuneability, and their capacity 

to form relatively regular nanostructures.1,2,3,4 The strength of their 3D-networks, and 

thus, the critical gelation concentration (CGC) of the corresponding supramolecular 

gels, is extremely dependent on the intermolecular non-covalent interactions 

present.5,6,7 

Gels formed in aqueous systems, i.e., hydrogels, are of special interest due to 

the wide variety of applications possible, ranging from tissue engineering,8,9 and 

controlled drug delivery,10,11,12 to nanoscale electronics,13 and actuators.14,15 
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Minimalistic pseudopeptidic systems combining amino acid moieties and simple 

abiotic fragments are very attractive because of their highly tuneable character and 

their potential biocompatibility and biodegradability.16,17,18,19 

In this regard, C2-symmetric pseudopeptidic compounds displaying apolar 

spacers have shown remarkable gelating behaviours in different solvents,20 with the 

presence of additional functional components like urea fragments significantly 

increasing the stability of the resulting supramolecular gels.21,22 Introduction in the 

apolar spacers in such pseudopeptides of polar functionalities has shown to afford 

efficient hydrogelators with pH-responsive self-assembling properties.23 Related 

approaches have allowed, for instance, the development of bioinspired hydrogels as 

controlled drug release systems.24 

The dynamic nature of the different intermolecular interactions involved in the 

formation of the polymeric supramolecular structure enables, upon exposure to 

external stimuli, reversible sol-gel transition.25,26,27,28 Unsurprisingly, many efforts 

have been devoted to the design of hydrogels that exhibit promising switchable 

properties on the basis of their different applications.29,30,31 On this behalf, CO2 is an 

ideal candidate for acting as stimulus because it is a non-toxic, cheap, and abundant 

species. Therefore, several CO2-switchable soft materials have been precisely 

designed, promoting interesting advantages in the fields of chemosensors, 

absorbents, and drug delivery.32,33,34,35,36,37,38 Nevertheless, to the best of our 

knowledge, all those reported systems are either based on polymeric materials, or the 

reported LMWGs are only suitable for the gelation of organic solvents, hampering 

their use for biological applications. An additional hurdle of amino-based CO2 

absorbents is the large energy consumption associated with high temperatures 

required for desorption, stressing the need for the development of more efficient 

systems.39 

Taking these inspiring precedents into account, we report herein the preparation 

of open-chain C2-symmetric pseudopeptides containing four amino acid units within 

their structure. These simple compounds can be used to generate stable hydrogels 
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which self-assembly is governed by π-π interactions and H-bonding.40,41 The resultant 

supramolecular materials display promising properties for reversible, CO2 controlled 

hydrogelation. They present a rapid and isothermal CO2 absorption at room 

temperature, with the subsequent CO2 desorption from the resulting ammonium 

carbamate derivative upon heating at temperatures > 70 ºC, which defines a change 

in the self-assembly process. 

 

9.1.3. Experimental section 

General. 

Reagents and solvents were purchased from commercial suppliers and used 

without further purification. Deionized water was obtained from a MilliQ equipment 

(Burlington, MA, USA). 

NMR experiments were carried out on a Varian INOVA 500 spectrometer (500 

MHz for 1H and 125 MHz for 13C), on a Bruker 400 (400 MHz for 1H and 100 MHz 

for 13C), or on a Bruker 300 (300 MHz for 1H and 75 MHz for 13C). Chemical shifts 

are reported in parts per million using the solvent residual peak as the reference. ATR 

FT-IR spectra were acquired on a JASCO 6200 equipment having a MIRacle Single 

Reflection ATR Diamond/ZnSe accessory. Samples were directly deposited onto the 

ATR sample holder, and the FT-IR spectra were collected. The raw IR data were 

processed with JASCO spectral manager software. UV–Vis absorption 

measurements were carried out on a Hewlett-Packard 8453 spectrophotometer, 

having a controlled temperature system. 

Gelation experiments. 

In a typical experiment, a weighted amount of the LMWG was mixed with 1 

mL of the selected solvent in a 1.5 mL glass vial. Gelation was defined when a 

homogeneous mixture was obtained exhibiting no gravitational flow upon inversion 

of the vial. For organic/water solvent mixtures, the LMWG was first dissolved in the 
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corresponding amount of the organic solvent (DMSO or EtOH) and MilliQ water 

was subsequently added.  

Rheological experiments. 

The different gels were characterised using a controlled stress AR-2000 

rheometer from TA Instruments. A Peltier holder with a plate geometry (60 mm 

diameter, 500 μm gap) was used for all samples. Frequency sweeps were performed 

in the angular frequency range 0.1–100 rad/s with the instrument in oscillatory mode 

at 25 ºC. Strain sweeps were performed using a frequency of 1 rad/s in an amplitude 

sweep range of 0.01% - 80% with the instrument in oscillatory mode at 25 ºC. 

Molecular modelling. 

Lowest energy conformations for the different species considered were 

calculated at the MMFFaq level of theory using Spartan08.42 Stationary points were 

confirmed by subsequent frequency calculation. All vibrational frequencies were 

positive. See supporting information for cartesian coordinates. 

Synthetic protocols. 

The C2-symmetrical bis(aminoamides) (4) were prepared as previously 

reported.43 

Synthesis of Cbz-N protected tetra-pseudopeptidic intermediates (5).  

Synthesis of 5a. 2a (7.741 g, 10.686 mmol) was dissolved in anhydrous DME (150 

mL) at 0 ºC in a two-necked round-bottomed flask (500 mL) using a N2 atmosphere. 

A DME solution (150 mL) of 4a (3.02 g, 11 mmol) was then added dropwise. The 

reaction mixture was stirred at 0 ºC for 1 h and at 25 ºC for 18 h. Subsequently, the 

white suspension was heated for 6 h at 40-50 °C. The resultant white precipitate was 

filtered-off and washed with cold water and cold methanol. The solid product was 

dried overnight under reduced pressure at 50 ºC to yield 5a as a white solid. Yield 

(7.09 g, 9.79 mmol, 89.0%). The product was used for the subsequent step without 

further purification. 
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Synthesis of 5b. Intermediate 5b was successfully synthesized following the same 

procedure as described for 5a but using 2b instead of 2a and 4b instead of 4a. Yield 

(3.473 g, 3.804 mmol, 87.0%). The product was used for the subsequent step without 

further purification. 

Synthesis of 5c. Intermediate 5c was successfully synthesized following the same 

procedure as described for 5a but using 2b instead of 2a and 4c instead of 4a. Yield 

(3.186 g, 3.330 mmol, 76.9%). The product was used for the subsequent step without 

further purification. 

Synthesis of 5d. Intermediate 5d was successfully synthesized following the same 

procedure as described for 5a but using 2b instead of 2a and 4d instead of 4a. Yield 

(2.209 g, 2.192 mmol, 81.6%). The product was used for the subsequent step without 

further purification. 

Synthesis of 5e. Intermediate 5e was successfully synthesized following the same 

procedure as described for 5a but using 2b instead of 2a. Yield (4.931 g, 6.001 mmol, 

90.9%). The product was used for the subsequent step without further purification. 

Synthesis of 5f. Intermediate 5f was successfully synthesized following the same 

procedure as described for 5a but using 4b instead of 4a. Yield (1.238 g, 1.506 mmol, 

63.2%). The product was used for the subsequent step without further purification. 

Synthesis of tetra-pseudopeptidic compounds (6). 

Synthesis of 6a. 5a (0.676 g, 0.932 mmol) was suspended on methanol (150 mL) 

in a 250 mL two-necked round-bottomed flask, using an ultrasonic bath. After 

obtaining a N2 atmosphere, Pd/C (0.198 g, 0.092 mmol) was poured into the flask 

while nitrogen was being flushed. The nitrogen balloons were then replaced by ones 

filled with hydrogen and the mixture was stirred for 24 h. The suspension was filtered 

through a Celite® layer, and the adsorbent was washed with methanol. The final 

solution was evaporated under reduced pressure to yield pure 6a as a white solid. 

Yield (0.346 g, 0.758 mmol, 81.3%); mp 228-229 ºC; [α]D
25 = -7.32° (c = 0.1, DMSO); 

ATR-FTIR: 3278, 3050, 1634, 1537 cm-1; 1H NMR (400 MHz, CD3OD) δ 0.85 – 0.99 
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(m, 24H), 1.95 (m, 4H), 3.08 (t, J = 14.94, 14.94 Hz, 2H), 3.17 (dd, J = 5.46, 14.16 

Hz, 2H), 3.24 (d, J = 6.55 Hz, 2H), 4.01 (d, J = 7.07 Hz, 2H); 13C{1H} NMR (75 

MHz, CD3OD) δ 16.1, 17.3, 18.4, 18.5, 30.4, 31.8, 38.6, 58.8, 60.1, 172.6, 175.8; 

HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd. for C22H44N6O4 457.3502; Found 

457.3498.  

Synthesis of 6b. 6b was successfully synthesized following the same procedure as 

described for 6a but using 5b instead of 5a. Yield (0.331 g, 0.510 mmol, 82.5%); mp 

193-195 ºC; [α]D
25 = -3.42° (c = 0.05, DMSO); ATR-FTIR: 3282, 3042, 1648, 1535 

cm-1; 1H NMR (300 MHz, CD3OD) δ 2.41 – 3.13 (m, 12H), 3.40 – 3.51 (m, 2H), 4.36 

– 4.48 (m, 2H), 6.95 – 7.29 (m, 20H); 13C{1H} NMR (75 MHz, CD3OD) δ 37.6, 38.7, 

40.3, 54.5, 56.0, 126.4, 126.5, 128.1, 128.2, 129.0, 129.0, 136.9, 137.3, 172.3, 175.0; 

HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd. for C38H44N6O4 649.3502; Found 

649.3508. 

Synthesis of 6c. 6c was successfully synthesized following the same procedure as 

described for 6a but using 5c instead of 5a. Yield (1.269 g, 1.837 mmol, 78.4%); mp 

152-154 ºC; [α]D
25 = -6.21° (c = 0.05, DMSO); ATR-FTIR: 3283, 3042, 1639, 1529 

cm-1; 1H NMR (400 MHz, CD3OD) δ 0.99 (tt, J = 10.2, 6.3 Hz, 2H), 1.16 – 1.30 (m, 

4H), 2.50 - 2.64 (m, 2H), 2.75 – 3.03 (m, 10H), 3.44 (dd, J = 7.8, 5.4 Hz, 2H), 4.45 (t, 

J = 7.4 Hz, 2H), 7.21 – 7.01 (m, 20H); 13C{1H} NMR (100 MHz, CD3OD) δ 25.0, 

29.8, 39.4, 40.2, 42.0, 55.8, 57.4, 127.8, 127.9, 129.5, 129.6, 130.5, 138.2, 138.8, 172.9, 

176.5; HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd. for C41H50N6O4 691.3972; Found 

691.3973. 

Synthesis of 6d. 6d was successfully synthesized following the same procedure as 

described for 6a but using 5d instead of 5a. Yield (0.485 g, 0.662 mmol, 70.1%); mp 

138-141 ºC; [α]D
25 = -3.02° (c = 0.05, DMSO); ATR-FTIR: 3272, 3085, 1654, 1542 

cm-1; 1H NMR (400 MHz, CD3OD) δ 1.01 - 1.18 (m, 10H), 1.26 (p, J = 7.7, 6.9 Hz, 

4H), 2.51 – 2.65 (m, 2H), 2.76 – 3.03 (m, 10H), 3.44 (dd, J = 7.7, 5.5 Hz, 2H), 4.45 

(t, J = 7.3 Hz, 2H), 7.20 – 7.01 (m, 10H); 13C{1H} NMR (100 MHz, CD3OD) δ 27.8, 

30.2, 39.4, 40.4, 42.1, 55.8, 57.4, 127.8, 127.9, 129.5, 129.6, 130.5, 138.2, 138.8, 172.3, 
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176.5; HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd. for C44H56N6O4 733.4441; Found 

733.4449. 

Synthesis of 6e. 6e was successfully synthesized following the same procedure as 

described for 6a but using 5e instead of 5a. Yield (0.263 g, 0.475 mmol, 77.4%); mp 

207-209 ºC; [α]D
25 = -1.75° (c = 0.05, DMSO); ATR-FTIR: 3280, 3085, 1636, 1546 

cm-1; 1H NMR (400 MHz, DMSO-d6) δ 0.80 (dd, J = 6.8, 5.0 Hz, 6H), 1.92 (h, J = 

6.6 Hz, 2H), 2.63 (dd, J = 13.4, 8.5 Hz, 2H), 2.99 (dd, J = 13.5, 4.3 Hz, 2H), 3.11 (s, 

4H), 3.46 (dd, J = 8.6, 4.3 Hz, 2H), 4.10 (t, J = 7.3 Hz, 2H), 7.38 – 7.14 (m, 10H), 

7.96 (d, J = 9.0 Hz, 2H), 8.03 (s, 2H); 13C{1H} NMR (100 MHz, DMSO-d6) δ 18.5, 

19.6, 31.3, 41.1, 56.5, 57.7, 126.6, 128.6, 129.8, 139.1, 171.4, 174.4; HRMS (ESI/Q-

TOF) m/z: [M + H]+ Calcd. for C30H44N6O4 553.3497; Found 553.3503. 

Synthesis of 6f. 6f was successfully synthesized following the same procedure as 

described for 6a but using 5f instead of 5a. Yield (0.428 g, 0.774 mmol, 63.5%); mp 

184-189 ºC; [α]D
25 = -8.2° (c = 0.05, DMSO); ATR-FTIR: 3282, 3083, 1636, 1535 

cm-1; 1H NMR (300 MHz, DMSO-d6) δ 0.56 (dd, J = 6.8, 1.5 Hz, 6H), 0.73 (d, J = 

6.9 Hz, 6H), 1.81 (tdd, J = 6.8, 4.7, 2.0 Hz, 2H), 2.58 (dd, J = 13.3, 8.3 Hz, 2H), 2.76 

– 2.88 (m, 2H), 2.91 – 2.97 (m, 4H), 3.04 (d, J = 3.2 Hz, 2H), 4.43-4.52 (m, 2H), 7.18 

– 7.27 (m, 10H), 7.90 (d, J = 5.9 Hz, 2H), 8.05 (s, 2H); 13C{1H} NMR (75 MHz, 

DMSO-d6) δ 17.0, 17.1, 19.9, 31.5, 38.5, 126.7, 128.5, 129.6, 138.2, 171.6, 174.7; 

HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd. for C30H44N6O4 553.3497; Found 

553.3508. 

 

9.1.4. Results and discusión 

9.1.4.1. Synthesis of the pseudopeptidic compounds and gelation 

properties as LMWGs 

The synthesis of the different C2-symmetric tetra-pseudopeptides 6a-f is shown 

in Scheme 1. Compounds 4a-d were obtained following the previously reported 

synthetic procedure (Scheme 9.1).43 Briefly, the first step consisted in the synthesis 

of the activated esters of the l-amino acids, using DCC as the coupling agent. The 
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resulting activated esters 2a-b were reacted with the desired diamine to yield the N-

Cbz-protected pseudopeptides 3. The deprotection step to afford compounds 4 

relied on the use of HBr/HAc (33%) solution. An additional coupling step with 

either 2a or 2b afforded the N-protected tetra-pseudopeptides 5. Subsequent 

hydrogenation in the presence of palladium on activated carbon led to the desired 

deprotected tetra-pseudopeptides 6. The overall yields to produce 6 from 

compounds 1 ranged from 20% to 40%. 

 

Scheme 9.1. Synthesis of tetra-pseudopeptidic compounds. i) DCC, 0 ºC, 16 h. ii) dry 
DME, ethylene diamine, r.t., 18 h. iii) HBr/HAc (33%), 3 h. iv) dry DME, 2, r.t., 18 h. v) 

H2, Pd/C, MeOH. 

The gelation properties of the tetra-pseudopeptidic compounds 6a-f were 

assayed in different aqueous mixtures and in water. As shown in Table 9.1, the nature 

of the amino acid sidechain plays a critical role in the self-assembly behaviour. As a 
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matter of fact, the phenylalanine derivative 6b formed gels in water mixtures and in 

water at 1 mg/mL (entries 2, 17 and 20, Table 9.1), while the valine derived 

compound 6a was not able to yield hydrogels under analogous conditions (entries 1, 

18 and 19, Table 9.1). These results suggested that π-π interactions could be a major 

requirement for the 3D-network to grow. Interestingly, when the gelation properties 

for compound 6b were assayed in H2O:DMSO (90:10, v/v), an instantaneous 

gelation process was observed, without the need of any external stimuli. On the other 

hand, when the experiments were performed in EtOH:H2O mixtures, sonication was 

always needed to obtain similar hydrogels. 

The key role of aromatic interactions in the aggregation capacity of these 

pseudopeptides was confirmed by the results obtained for the heteroleptic 

compounds 6e and 6f containing only two aromatic groups in the sidechains instead 

of the four displayed by 6b. When 1 mg of 6e or 6f were dissolved in H2O:DMSO 

(90:10, v/v), a clear solution was obtained, thus revealing a lower gelating ability 

(entries 7 and 9, Table 9.1). When the concentration of the heteroleptic compounds 

was increased to 5 mg/mL, this triggered the formation of a weak hydrogel for 6f 

(entry 10, Table 9.1), whereas the 6e sample appeared still as a clear solution (entry 

8, Table 9.1). Interestingly, a weak gel was obtained when mixing equimolar amounts 

of 6e and 6f (0.5 mg/mL each), inferring that the two-component mixture was able 

to self-assemble in fibrillar aggregates (entry 11, Table 9.1). 

Besides, the effect of the length of the aliphatic spacer in the gelation ability was 

also evaluated. Previous studies of related pseudopeptides demonstrated that 

depending on the length of the alkyl aliphatic spacer, the amide groups can be in -syn 

or -anti disposition,44 which affects their self-assembly behaviour. Dissolving 1 mg of 

6c, having three additional methylene groups in the spacer over 6b, in 100 μL of 

DMSO and adding 900 μL of water led to the formation of a weak gel upon 

sonication. In order to obtain a stronger gel, 3 mg of 6c were required (entries 3,4, 

Table 9.1). Compound 6d, containing an even longer spacer (n = 8), was only able 

to promote the formation of weak gels even at 5 mg/mL (entries 5, 6, Table 9.1). 

Thus, the compound with the shorter aliphatic spacer (n = 2) 6b presented the best 
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gelation properties in aqueous media, most likely as a direct result of the optimal 

preorganization of the aromatic moieties of the sidechains.  

Table 9.1. Gelation properties of compounds 6a-6f in aqueous solutions.a 

Entry Comp. Solvent(s) 
Proportion 

(v/v) 

Conc. 

(mg/mL)b 
Result 

1 6a H2O : DMSO 90 : 10 1 S 

2 6b H2O : DMSO 90 : 10 1 Gd 

3 6c H2O : DMSO 90 : 10 1 wGd 

4 6c H2O : DMSO 90 : 10 3 Gd 

5 6d H2O : DMSO 90 : 10 1 wGb 

6 6d H2O : DMSO 90 : 10 5 wGc 

7 6e H2O : DMSO 90 : 10 1 S 

8 6e H2O : DMSO 90 : 10 5 S 

9 6f H2O : DMSO 90 : 10 1 S 

10 6f H2O : DMSO 90 : 10 5 wGc 

11 6e+6f H2O : DMSO 90 : 10 0.5+0.5 wG 

12 6b H2O : DMSO 50 : 50 1 wGc 

13 6a H2O : EtOH 90 : 10 1 I 

14 6b H2O : EtOH 90 : 10 1 I 

15 6b H2O : EtOH 70 : 30 1 wGc 

16 6b H2O : EtOH 70 : 30 0.5 wGc 

17 6b H2O : EtOH 50 : 50 1 Gc 

18 6a H2O : EtOH 50 : 50 1 S 

19 6a H2O - 1 Ib 

20 6b H2O - 1 Gb 

a The gel formation was qualitatively analysed by the vial inversion technique. I: Insoluble, S: 
Soluble, WG: Weak Gel, G: Gel. b Heating at 90 ºC for 5 minutes. C Ultrasonication for 5 
minutes. d Instantaneous formation of gel. 

SEM experiments provided additional insights into the microstructure of the 

hydrogels. Thus, SEM images for the dried gel of 6b obtained in H2O:DMSO (90:10 
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v/v) allowed to observe the presence of a well-defined interpenetrated network of 

regular nanofibers, displaying diameters of 80-100 nm (Figure S9.1).45 

Vial inversion analyses allowed for the quantification of the critical gelation 

concentration (CGC), which is defined as the minimum amount of gelator required 

to gelate 1 mL of solvent at a given temperature.12 Data presented in Table S9.1 

permitted the assignment of a CGC for compound 6b lower than 0.6 mg/mL (see 

also Figure S9.2). This value demonstrates the remarkable gelation properties of 6b, 

belonging to the class of superhydrogelators.46 UV-VIS spectroscopy was also used 

to determine the CGC for 6b (Figure 9.1). The formation of the gel could be 

straightforwardly monitored by measuring the absorption changes at 600 nm. A 

sigmoidal curve is observed with an inflexion point being ca. 0.4 mg/mL. This 

concentration is in good agreement with the value determined by vial inversion 

method. 

 

Figure 9.1. UV absorption at 600 nm for 6b at different concentrations in H2O:DMSO 
(90:10). The red line corresponds to the sigmoidal fitting calculated using Origin Software. 

The thermal stability of the gel formed from 6b (H2O:DMSO (90:10 v/v), 1 

mg/mL) was likewise investigated using the vial inversion test (Table S9.2). The 

hydrogel was stable until 85 ºC, temperature at which the soft material started to lose 

viscosity. This finding was assigned to some evaporation of the water present in the 

initial solvent mixture. The mechanical properties of this hydrogel (H2O:DMSO 
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(90:10 v/v)) were studied using rheological measurements. A typical LMWG presents 

a storage and a loss modulus (G´ and G´´, respectively), which are frequency 

independent, and will break at relatively low strain.47 Figure 9.2 displays the 

rheological results obtained for 6b (1 mg/mL). The storage modulus (G’) of the gel 

was much higher than the loss modulus (G”) over the whole range of frequency 

swept, which is characteristic of gel-like materials (Figure 9.2a). The strain sweep 

measurement (Figure 9.2b) showed that both the storage and loss moduli of the gel 

remained constant up to 10 Pa of stress (3.6% strain), corresponding to the so-called 

linear viscoelastic region (LVER). Furthermore, the average complex viscosity of the 

hydrogel was quantified, obtaining a value of 113 Pa·s. 

 

Figure 9.2. Rheological measurements for the hydrogel from 6b (1 mg/mL, H2O:DMSO 
(90:10 v/v)). a) Amplitude sweeps with 1 Hz at 25 oC; b) Frequency sweeps with 0.1 Pa 

strain at 25 oC; c) Dependence of complex viscosity with the temperature using a heating 
rate of 0.2 oC/min and a constant frequency of 1 Hz and 0.1% strain. 

By heating the sample prepared in-situ on the Peltier geometry, it was possible 

to evaluate the effect of temperature in the mechanical properties of the 
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pseudopeptidic soft material. For instance, observing the complex viscosity trend 

with temperature, a linear range was obtained from 25 to 85 ºC (Figure 9.2c). When 

the temperature reached values higher than 83 ºC, a clear decrease in the viscosity 

was appreciated, indicating that the sample was losing its gel-like properties. Hence, 

the critical gelation temperature (CGT) was identified as 83 ºC, value within the same 

range that the one obtained by the vial inversion method (see Table S9.2). The 

material can be classified as a thixotropic gel because, upon shaking the vial, the 

sample became much more fluid than in its static state. The same rheological 

experiments were also performed for 6b at higher gelator concentrations (5 mg/mL 

in H2O:DMSO (90:10 v/v)). Not surprisingly, the resulting gel presented a higher 

complex viscosity, with an average value of 1640 Pa·s. This stronger gel was able to 

resist oscillation strains of ca. 40 Pa, corroborating the tougher properties of the gel 

at higher concentrations (Figure S9.3). 

Next, we decided to analyse whether an external stimulus could induce a gel-sol 

transition. Considering the functional groups present in the chemical structure of 6b, 

pH appeared as a good candidate, as the pseudopeptide presented terminal amino 

groups (basic) and amide groups (slightly acidic). Therefore, vial inversion tests were 

carried out for samples at different pH values, controlled by commercially available 

buffers (Figure S9.4). Results presented in Table 9.2 revealed that the higher the pH 

was, the more favourable was the formation of the gel. These pH-dependent results 

indicate the participation of the terminal amino groups in the formation of the non-

covalent network, as when these groups were in their fully protonated form, a 

completely transparent solution was obtained. Interestingly enough, some 

crystallization could be observed in the sample at pH 1 after aging the vial for one 

week. SEM images of the resulting crystalline solid revealed the formation of fibre-

like crystals, which were likely the result of the formation of diprotonated ammonium 

salts for 6b (Figure S9.5). Therefore, the protonation of the primary amines led to a 

detrimental conformational change, precluding the formation of the 3D 

supramolecular network. It must be noted, however, that 6b is able to form weak 
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gels even at physiological pH (Table 9.2, vial 4), opening a wide scope for future 

applications in areas such as drug delivery. 

Table 9.2. Gelation properties as a function of pH in H2O:DMSO (90:10 v/v) for 6b (1 
mg/mL).a 

Vial Buffer (mM) pH Result 

1 - b 1 S 

2 Citrate (20) 4 wG 

3 Citrate (20) 6 wG 

4 Phosphate (30) 7 wG 

5 HEPES (20) 8 G 
a Gel formation was qualitatively analysed by the vial inversion technique. b The sample at pH 
= 1 was prepared by adding 20 μL of concentrated HCl. I: Insoluble, S: Soluble, WG: Weak 
Gel, G: Gel. The buffers were commercially available and, when needed, the pH was adjusted 
using NaOH or HCl. See Figure S9.4 for vial inversion tests. 

9.1.4.2. Supramolecular driving forces 

Seeking for relevant information about the supramolecular interactions that 

governed the formation of these soft materials, a series of 1H NMR and theoretical 

studies were undertaken. First of all, increasing amounts of water were added to a 3 

mM solution of 6b in DMSO-d6 and 1H NMR spectroscopy allowed for observing 

some relevant changes observed for the characteristic signals of the pseudopeptide. 

Indeed, most of the peaks of 6b broadened with the addition of water, suggesting 

the formation of intermolecular polymeric aggregates. An upfield shift was observed 

for the proton signals of the central amide groups (green triangles in Figure 9.3) 

indicating a different involvement in hydrogen bonding in the supramolecular 

aggregates.  

In a similar manner, the protons corresponding to the aromatic moieties 

experienced a shift towards lower δ, especially noticeable for the protons assigned to 

the aromatic ring of the central amino acid scaffolds, suggesting their participation in 

hydrophobic interactions. Besides, the methylene protons of the aliphatic central 

spacer and the benzylic protons also experienced a different electronic environment 
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in the aggregates, as evidenced by the upfield shift for the central methylene protons 

(orange discontinuous lines, Figure S9.6). 

 

Figure 9.3. Partial 1H NMR (500 MHz, DMSO-d6) spectra for the titration of 6b (3 mM) 
with increasing amounts of water. The water content is indicated as v/v (%). The signal for 

the central amide groups has been marked with green triangles. 

In terms of the signals for the protons of the water molecules, a progressive 

downfield evolution could be observed, shifting from 3.35 to 3.93 ppm (Δδ = + 0.58 

ppm) when the amount of water reached 20% v/v (purple discontinuous lines, Figure 

S9.6). This change in the electronic environment was likely the result of water 

entrapment in the three-dimensional network formed, increasing their H-bonding. 

Interestingly, analogous experiments performed for 6f revealed less pronounced 

shifts for both water molecules and signals from the heteroleptic pseudopeptide 

(Figure S9.7 and S9.8). As a matter of fact, the signal for water shifted Δδ = + 0.28 

ppm. Albeit the aromatic protons of 6f also shifted towards lower δ values in the 

presence of water, the shift was much less significant than the one observed for 6b 

(Figure S9.8). This indicates that the homoleptic tetra-phenylalanine derived 

pseudopeptide promoted higher efficiencies in forming the supramolecular 

neat

1% H2O

4% H2O

20% H2O

10% H2O
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aggregates, in good accordance with trends found in gelation studies (see for instance 

Entries 2 and 9 in Table 9.1).  

Variable temperature 1H NMR experiments corroborated the fundamental role 

of intermolecular hydrogen bonding and π-π interactions in the self-assembly of the 

pseudopeptides. Important conformational information was gathered when the 

sample containing a 3 mM solution of 6b in H2O:DMSO (20:80) was heated from 

30 to 80 ºC. As expected, the proton signals of the amide groups and water 

experienced an upfield shift as temperature increased (ca. Δδ = -0.24 and -0.35 ppm 

for NHamide and H2O, respectively), suggesting their participation through hydrogen 

bonding interactions within the supramolecular network of aggregates (Figure 9.4a 

and Figure S9.9).  

 

Figure 9.4. Partial 1H NMR (500 MHz, DMSO-d6) spectra for the variable temperature 
experiments of 6b (3 mM, H2O:DMSO, 20:80). a) Amide group region. b) Aromatic region. 

A different scenario was observed on behalf of the signals for the aromatic units. 

The multiplet appearing at 7.21 ppm undergone a minor upfield shift, as marked with 

a discontinuous red line in Figure 9.4b. On the other hand, a more pronounced 

change was noted for the signal appearing at 7.07 ppm at 30 ºC, but with the opposite 

direction than the one found for the signal at 7.21 ppm. This trend is in good 

agreement with interconnected π systems, where one of the aromatic units acts as the 

π-donor and the other one as the π-acceptor.48 Additionally, the protons of the chiral 

carbon centres, the methylene protons of the central spacer, and the benzylic protons 

experienced a small shift (Δδ = +0.03 ppm, discontinuous orange lines, Figure S9.9). 

30 ºC

40 ºC

50 ºC

60 ºC

70 ºC

80 ºC
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Molecular modelling for 6b, 6e, and 6f unravelled the importance of synergic π-

π interactions, only affordable in the case of 6b. All the models were based on 

molecular mechanics at the MMFFaq level of theory, taking into account the water 

solvation (see experimental section for more details). Calculating the most stable 

conformation for the dimers of each tetra-pseudopeptide, noteworthy disparities 

were found. For instance, the two modelized molecules of 6b adopt a β-sheet spatial 

disposition stabilized by means of intermolecular hydrogen bonds involving the 

central amide groups of the pseudopeptidic scaffolds. Additionally, the hydrophobic 

aromatic units are located in the outer part of the molecules, intermolecularly 

interacting through π-π forces (Figure 9.5a). Therefore, the conformation adopted 

allows for the construction of bigger self-assembled supramolecular structures, 

leading to the formation of fibre-like aggregates (Figure 9.5d). On the other hand, 

the modelized dimers for the heteroleptic tetra-pseudopeptides rather embraced a 

tangled conformation, only stabilized through intermolecular hydrogen bonding 

between the amide groups, precluding an efficient extension of the network to form 

gels (Figure 9.5b, 9.5c, and 9.5e).  

 

Figure 9.5. Most stable conformations (Spartan08’, MMFFaq) obtained for the dimers of a) 
6b, b) 6e, and c) 6f. d) Representation of the parallel β-sheet, and e) the tangled dimeric 

assemblies. 

The non-covalent interactions governing the gel formation for 6b were studied 

in higher detail. The four amide groups (presenting an -anti disposition) of each of 

a) b) c)

d) e)
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the pseudopeptidic molecules are highly interconnected with the analogues of the 

neighbouring molecule, leading to the formation of parallel hydrogen bonds (Figure 

9.6a). The average distance between the O···N atoms involved in the interaction is 

2.780 Å (90 % vdWN,O),49 suggesting a strong interaction even in competitive polar 

media. In terms of the hydrophobic interactions between the dimeric species, four 

different intermolecular edge-to-face π-π interactions have been detected (Figure 

9.6b). Besides, weak intramolecular NH··· π forces were identified between the 

phenyl rings of the phenylalanine sidechains and the acidic NH proton of the amide 

groups, further stabilising the whole system (Figure 9.6c).50 

 

Figure 9.6. Non-covalent forces identified in the most stable conformation obtained for 
the dimer of 6b (Spartan08’, MMFFaq). a) Intermolecular hydrogen bonding between the 

amide groups of the two different molecules. Bonds and distances have been highlighted in 
red. Measured distances correspond to O···N bonds in the C=O···N-H entities. b) 

Intermolecular edge-to-face π-π interactions between the dimeric molecules. Bonds and 
distances have been highlighted in pink. Measured distances correspond to the closest 

aromatic carbons between the vicinal rings. c) Intramolecular NH··· π interactions between 
the aromatic rings and the acidic NH protons of the amide groups. Bonds and distances 
have been highlighted in orange. Measured distances correspond to the closest aromatic 

carbon to the N atom of the amides. 

 

2.759 Å

3.954 Å
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9.1.4.3. CO2 stimulus responsiveness 

In view of these promising results, we envisaged that the soft materials could 

experience reversible gel-to-sol transition triggered by carbon dioxide. It is well 

known that the solubility of carbon dioxide in water leads to a noteworthy decrease 

in the pH, reaching values between 3.5 and 4.51 In addition, amines have been widely 

used as chemical absorbents of carbon dioxide.52 The interaction of CO2 with 

unhindered primary amines is known to generate ammonium carbamate species, 

because primary amines are more basic and nucleophilic than water.53,54 

We performed 1H NMR analyses in DMSO-d6 as solvent to get information 

about the formation of ammonium carbamate products.55 For comparison, the 

spectrum of the diprotonated [6b·2HCl] species in DMSO was also recorded. 

Significant differences were observed when comparing the spectra of freshly 

prepared 6b with the one for [6b·2HCl] and that for 6b after bubbling a CO2 balloon 

for 5 mins (Figure S9.10). For 6b-CO2, the downfield shift for the proton of the 

stereogenic carbon (from δ = 3.42 to 4.10 ppm), together with the appearance of 

new signals at 6.62, 8.24, and 8.59 ppm could indicate the formation of the 

ammonium carbamate derivative. While the methylene protons of the central spacer 

shifted towards lower δ values for [6b·2HCl], no shift was observed for 6b-CO2. 

Furthermore, a significant downfield shift of the aromatic protons and an increase in 

the anisochrony of the benzylic protons was observed for 6b-CO2, the latter 

attributed to the lack of free rotation. As expected, the signals of these CO2-derived 

species decreased with time, even at room temperature, indicating that the interaction 

with carbon dioxide was reversible (see Figure S9.11). This quite fast dynamic 

equilibrium in the NMR tube precluded its study by 13C NMR. Two main approaches 

have been established in literature for the formation of carbamate derivatives for 

diamino compounds: intramolecular asymmetric carbamate salts (Figure S9.12a), and 

dimeric symmetric carbamate species (Figure S9.12b).53 As the 1H NMR spectrum of 

6b in the presence of CO2 does not reflect a complex mixture of asymmetric signals, 

the formation of the dimeric symmetric ammonium carbamate species can be 

considered.  
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When CO2 was bubbled into the 6b gel sample (1 mg/mL in H2O:DMSO, 90:10 

v/v) a transition from gel to weak gel was clearly observed by vial inversion. 

Determining the pH before and after the CO2 adsorption, values of 8.5 and 5.3 were 

obtained, respectively. Thus, selecting an appropriate pH indicator, it was possible to 

design a colorimetric probe for the gel-sol transition. Gelation of an aqueous solution 

of methyl red in DMSO (10% v/v) with 6b (1 mg/mL) led to the expected yellowish 

gel (Figure 9.7a-left). After bubbling carbon dioxide, a change in the colour of the 

sample was observed, shifting from yellow to orange (Figure 9.7a-right). Besides, 

comparing the rheological properties of a freshly prepared 6b gel (1 mg/mL in 

H2O:DMSO 90:10 v/v) and the sample after CO2 absorption, the storage modulus 

(G’) decreased more than one order of magnitude. The complex viscosity presented 

an average value of 5.2 Pa·s, which is more than 20 times smaller than the viscosity 

of the original gel (113 Pa·s). The formation of a weaker CO2-absorbed soft material 

was also corroborated with the values of the oscillation strain required for breaking 

down the gel. Whereas an oscillation strain of 10 Pa was necessary for the gel-liquid 

transition in the freshly prepared gel, a strain of only 0.7 Pa was necessary for the 

ammonium carbamate-derived sample (Figure 9.7b). 

Generally, the desorption of CO2 is controlled by temperature for most of the 

systems reported to date. This is the consequence of ammonium carbamate 

decomposition at high temperatures, releasing carbon dioxide and the free amino 

groups.56 We speculated whether our bioinspired materials could promote hydrogel 

recovery upon increasing temperatures. The CO2 absorption was conducted at 25 °C 

under atmospheric conditions and the desorption was carried out at temperatures 

between 30 to 80 ºC. To precisely study the reversibility of the system, we determined 

the desorption temperature by in-situ pH measurements for the sample. The pH of 

the gel drastically decreased from 8.48 to 5.43 in less than 100 seconds upon CO2 

bubbling. At the same time, the viscosity of the system was clearly reduced after the 

addition of carbon dioxide. Once the gel had been depleted, we studied the pH 

variations at different temperatures, providing an insight into the CO2 desorption 

efficiency (Figure 9.7c). Interestingly, at temperatures > 70 ºC, a significant increase 
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in pH could be appreciated, indicating the decomposition of the carbamate species. 

To our delight, this system was thus able to promote CO2 desorption at relatively low 

temperatures, considering that the ammonium carbamate species are formed from 

primary amino groups.39 The efficient CO2 release was assigned to the 

thermodynamically favoured recovery of the supramolecular gel. 

 

Figure 9.7. a) Vial inversion test for the methyl red containing samples before (left) and 
after (right) CO2 incorporation (1 mg of 6b in 1 mL of H2O(methyl red):DMSO (90:10)). b) 
Storage and loss modulus representation for neat (green and pink, respectively) and CO2-

rich (black and red, respectively) samples. The oscillation stress required for the gel to liquid 
transition has been highlighted in purple for the CO2-rich sample and in orange for the 
freshly prepared 6b hydrogel. c) CO2 absorption/desorption results obtained via in-line 

monitorization of pH for 6b gel (1 mg in 1 mL of H2O:DMSO, 90:10). d) Cycles for the 
CO2 absorption/desorption – hydrogel depletion/formation obtained for 6b by measuring 

the RGB green component observed (1 mg of 6b in 1 mL of H2O:DMSO, 90:10) 

Subsequently, we designed a suitable cycle for studying the hydrogel 

destruction/formation using CO2 as an external stimulus, obtaining promising results 

in terms of reversibility (Figure 9.7d). The experiment relied on simple colorimetric 

analyses using methyl orange as pH indicator. An orange weak gel was observed after 

0,1 1 10

1E-4

1E-3

0,01

0,1

1

10

100

1000

 

 

 Storage modulus - NEAT

 Loss modulus - NEAT

 Storage modulus - CO
2

 Loss modulus - CO
2

(P
a

)

Oscillation stress (Pa)

0,1 1 10

1E-4

1E-3

0,01

0,1

1

10

100

1000

 

 

 Storage modulus - NEAT

 Loss modulus - NEAT

 Storage modulus - CO
2

 Loss modulus - CO
2

(P
a
)

Oscillation stress (Pa)

0.7 Pa 10 Paa) b)

d)

CO2

Bubbling

2 mins

c)
0,1 1 10

1E-4

1E-3

0,01

0,1

1

10

100

1000

 

 

 Storage modulus - NEAT

 Loss modulus - NEAT

 Storage modulus - CO
2

 Loss modulus - CO
2

(P
a
)

Oscillation stress (Pa)

0,1 1 10

1E-4

1E-3

0,01

0,1

1

10

100

1000

 

 

 Storage modulus - NEAT

 Loss modulus - NEAT

 Storage modulus - CO
2

 Loss modulus - CO
2

(P
a
)

Oscillation stress (Pa)

0.7 Pa 10 Pa

120

140

160

180

200

220

240

260

 

 

R
G

B
 g

re
e
n
 c

o
m

p
o
n
e
n
t CO2

Bubbling

2 mins

CO2

Bubbling

2 mins

CO2

Bubbling

2 mins

CO2

Bubbling

2 mins

80 ºC

60 mins

80 ºC

60 mins

80 ºC

60 mins

0 200 400 600 800 1000

5,5

6,0

6,5

7,0

7,5

8,0

8,5

 CO
2
 Absorption

 T = 22 ºC

 T = 37 ºC

 T = 53 ºC

 T = 72 ºC

 T = 85 ºCp
H

Time (s)

D
e

s
o

rp
ti
o

n
s
tu

d
ie

s



CO2-Responsive pseudopeptidic LMWGs 

403 

CO2 absorption, resulting in a RGB green component value of 128. Contrarily, a 

yellowish colour (RGB green component = 255) could be observed when the 

hydrogel was recovered after heating at 80 ºC for 60 minutes. 

Hence, the formation of the carbamate species was clearly affecting the outcome 

of the self-assembly of the pseudopeptide. We calculated the most stable 

conformation for the proposed ammonium carbamate symmetric dimeric derivatives 

at the MMFFaq level of theory. Interestingly, albeit some intermolecular hydrogen 

bonding interactions were found between the amide groups and the carbamate 

scaffolds, only one intermolecular π-π interaction was detected, supporting the 

hypothesis that such aromatic forces are essential for affording the supramolecular 

3D-network (Figure S9.13a). The dimeric ammonium carbamate derivative displayed 

tight electrostatic interaction between the terminal ammonium and carbamate groups 

(Figure S9.13b), leading to the formation of discrete supramolecular architectures 

and, thus, precluding the formation of bigger aggregates (Figure S9.13c). 

 

9.1.5. Conclusions 

Novel open-chain pseudopeptides have been successfully synthesized. These 

bioinspired species have demonstrated promising properties as low molecular weight 

hydrogelators, with CGC values as low as 0.6 mg/mL. The nature of supramolecular 

interactions governing gel formation was elucidated, revealing strong cooperativity 

between hydrogen bonding and π-π forces. Modification of the sidechain 

composition and the aliphatic spacer length allowed for modulating the properties of 

the final materials. The presence of terminal amino groups in their basic form was 

found crucial for efficient self-assembly. Gel-sol transitions could be easily triggered 

by pH modification, obtaining the toughest materials under basic conditions (pH > 

8). Besides, the high tendency of primary amines to react with carbon dioxide 

permitted to assay the CO2-responsiveness of these soft materials. In this regard, 

remarkable results were obtained with desorption temperatures of ca. 70 ºC, assigned 

to the thermodynamically favoured recovery of the supramolecular gel.  
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9.2. Supporting information 

Figure S9.1. SEM images for the dried sample of 6b (1 mg/mL) in DMSO:H2O (10:90). 

 
 

Table S9.1. Gelation properties for compound 6b in DMSO:H2O (10:90) at different 
concentrations.a 

Entry w/v (mg/mL) mM Result a 

1 1.00 1.55 G 

2 0.80 1.23 wG 

3 0.60 0.91 wG 

4 0.30 0.48 S 

5 0.15 0.24 S 

6 0.05 0.07 S 
a Vial inversion method used for qualitative analyses. S: Soluble, wG: Weak Gel, G: Gel. 

 
 

a) b)

c)
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Figure S9.2. Vial inversion test pictures for determining the CGC of 6b in H2O:DMSO 

(90:10). The white numbers correspond to their assigned entry in Table 9.2. 
 

 

Table S9.2. Thermal stability results for the hydrogel of 6b (1 mg/mL in H2O:DMSO 
90:10).a 

Temperature (ºC) Result 

25 G 

30 G 

35 G 

40 G 

45 G 

50 G 

55 G 

60 G 

65 G 

70 G 

75 G 

80 G 

85 G 

90 wG 

a The gel formation was qualitatively analysed by the vial inversion technique. I: Insoluble, S: 

Soluble, wG: Weak Gel, G: Gel. The sample was heated using an oil bath on a heating mantle.  
  

1 2 3 4 5 6
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Figure S9.3. Rheological measurements (amplitude sweeps) for the hydrogel from 6b (5 
mg/mL, H2O:DMSO (90:10 v/v). The complex viscosity has been represented vs the 

oscillation stress. The frequency was set to 1 Hz. 

 

 

 

Figure S9.4. Effect of the pH in the gel formation for 6b (1 mg/mL, bufferH2O:DMSO 
90:10). Vial pictures at pH: 1 (vial 1), 6 (vial 2), 7 (vial 3), 4 (vial 4), and 8 (vial 5). The vial at 
pH = 7 has a yellowish colour because the buffer used (Aldrich) presented a yellow colour 

for easy recognition. 
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Figure S9.5. SEM images for the crystals obtained for a dried sample of 6b (1 mg/mL) in 
DMSO:H2O (10:90) at pH = 1. The crystalline solid has been assigned to the diprotonated 

[6b·2HCl] species. 
 

 

 

 

 

Figure S9.6. Partial 1H NMR (500 MHz, DMSO-d6) spectra for the titration of 6b (3 mM) 
with increasing amounts of water. The water content has been indicated as v/v (%). 

 

 

a) b)
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Figure S9.7. Partial 1H NMR (500 MHz, DMSO-d6, 3 mM) spectra for 6b (above) and 6f 
(below) in the presence and absence of H2O. The spectra display the 4.7 – 2.3 ppm region. 

The water content has been indicated as v/v (%). The most relevant shifts have been 
highlighted in blue and orange for 6f and 6b, respectively. 

 

 

Figure S9.8. Partial 1H NMR (500 MHz, DMSO-d6, 3 mM) spectra for 6b (above) and 6f 
(below) in the presence and absence of H2O. The spectra display the 8.3 – 6.8 ppm region. 

The water content has been indicated as v/v (%). The most relevant shifts have been 
highlighted in blue and orange for 6f and 6b, respectively. 
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Figure S9.9. Partial 1H NMR (500 MHz, DMSO-d6) spectra for the variable temperature 
experiments of 6b (3 mM, H2O : DMSO, 20 : 80). The spectra display the 4.7 – 2.6 ppm 

region. Water shift has been highlighted in purple. Shifts for the characteristic protons of 6b 
are highlighted in orange. 

 

 

Figure S9.10. Partial 1H NMR (500 MHz, 35 mM in 6b, DMSO-d6) spectra for neat 6b 
(blue spectrum), 6b sample after CO2 bubbling (green spectrum), and [6b·2HCl] (red 

spectrum). 
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Figure S9.11. Time evolution of the partial 1H NMR (500 MHz, 35 mM in 6b, 25 ºC, 
DMSO-d6) spectra for 6b at different times after bubbling CO2. The signals highlighted with 

orange arrows have been assigned to the metastable carbamate-derived species. 
 

 

 

 

Figure S9.12. Main approaches described for the CO2 absorption using diamino 
compounds. a) Intramolecular asymmetric ammonium carbamate formation. b) dimeric 

symmetric ammonium carbamate formation. 
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Figure S9.13. a) Most stable conformation obtained for the 6b-CO2 ammonium carbamate-
derived symmetric dimer (Spartan08’, MMFFaq). The presence of only one π-π interaction 

has been highlighted with a discontinuous magenta line. b) Most stable conformation 
obtained for the 6b-CO2 ammonium carbamate-derived symmetric dimer, with each one 
pseudopeptidic molecule coloured in green and the other one in light blue (Spartan08’, 

MMFFaq). c) Representation of the supramolecular macrocyclic conformation adopted by 
the dimeric ammonium carbamate derivative. Electrostatic interactions have been 

highlighted with discontinuous red lines. 
  

b)a) c)
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Figure S9.14. a) 1H NMR (400 MHz, CD3OD) for 6a (7 mM). b) 13C{1H} NMR (75 MHz, 
CD3OD) for 6a (10 mM). 

 

a)

b)
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Figure S9.15. a) 1H NMR (300 MHz, CD3OD) for 6b (7 mM). b) 13C{1H} NMR (75 MHz, 
CD3OD) for 6b (7 mM). 

 

a)

b)
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Figure S9.16. a) 1H NMR (400 MHz, CD3OD) for 6c (10 mM). b) 13C{1H} NMR (100 
MHz, CD3OD) for 6c (10 mM). 

 

 

a)

b)
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Figure S9.17. a) 1H NMR (400 MHz, CD3OD) for 6d (7 mM). b) 13C{1H} NMR (100 
MHz, CD3OD) for 6d (7 mM). 

 

a)

b)
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Figure S9.18. a) 1H NMR (400 MHz, DMSO-d6) for 6e (4 mM). b) 13C{1H} NMR (100 
MHz, CD3OD) for 6e (4 mM). 

 

a)

b)
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Figure S9.19. a) 1H NMR (300 MHz, DMSO-d6) for 6f (10 mM). b) 13C{1H} NMR (75 
MHz, CD3OD) for 6f (10 mM). 

 

b)

a)
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The main conclusions for the work here presented have been included in each 

of the chapters. Nonetheless, it is worth to highlight the most relevant conclusions 

encompassing the different projects. 

➢ In the field of macrocyclization reactions, a series of preorganized 

pseudopeptidic macrocycles have been successfully synthesized. The 

final compounds present high functional density close to the rigidized 

cavity, making them ideal candidates for supramolecular applications. 

Besides, the exploration of sustainable techniques for increasing the 

cyclization efficiency has also been explored. For instance, the 

implementation of templating agents has been studied for both 

irreversible (SN2 reactions, Chapter 3) and dynamic (imine 

condensation, Chapter 8) macrocyclizations. Flow chemistry has been 

proved as a useful tool for improving the productivity of the reactions 

(Chapter 4), permitting a noteworthy decrease as well in the 

environmental impact. 

➢ Regarding the catalytic properties of the macrocycles, we have designed 

three different generations of efficient synzymatic systems. The first 

generation encompassed the use of constrained macrocyclic 

pseudopeptides that were able to activate the catalytic pool in the 

presence of the Cl- anion. The presence of amide groups, tertiary 

amines, and the cavity seemed to play a crucial role in the enzyme-like 

catalysis (Chapter 5). A second generation of organocatalysts was 

designed in order to decrease the waste generated in the catalytic 

process. The macrocyclic structure was modified by incorporating a 

pendant arm that facilitated the immobilization of the pseudopeptides, 

together with the nucleophile source, onto the same solid support 

(Chapter 6). This way, the catalytic system did not require any additional 

co-catalyst, while keeping remarkable activities even at low CO2 

pressures (CO2 balloon). The third, and final, generation of synzymes 

embraced bimetallic Zn(II)-complexes obtained from macrocyclic 
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ligands. The highly crowded coordination sphere obtained for the Zn2+ 

ions allowed for the presence of “naked” iodide anions. Therefore, 

these systems were able to catalyse the cycloaddition of carbon dioxide 

to epoxides without the need of additional auxiliary substances. The 

synergic effect between the metallic core, nucleophilic anions, and 

active sites of the ligands resulted in the remarkable kinetic resolution 

of epoxides (Chapter 7). For all the mentioned catalyst generations, the 

supramolecular interactions responsible for the catalytic activity were 

investigated. 

➢ On behalf of Materials Chemistry, we have described the syntheses of 

new tetra-pseudopeptidic compounds with promising gelating 

properties. These low molecular weight gelators can be classified as 

supergelators, due to the remarkably low concentrations needed for 

hydrogel formation. The supramolecular driving forces responsible of 

the self-assembly were studied in detail, highlighting a strong synergic 

effect between hydrogen bonding and π-π interactions. In addition, 

these thixotropic gels presented pH-dependent sol-gel transitions, 

paving the way for the design of CO2-responsive materials (Chapter 9). 


