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Abstract 
 
 

he aim of this work has focused on the use of state-of-the-art methodologies, 
such as Nuclear Magnetic Resonance (NMR) microcoils for reaction monitoring 

of continuous flow reactions and DFT calculation to determine the important 
parameters in Microwave Assisted Reactions. This memory is submitted for the 
degree of International Doctorate in Chemistry. 
 
The first chapter summarizes the most important contributions and basic concepts 
collected in the literature for all the main fields covered in this PhD memory, NMR 
coils miniaturization, Computational Chemistry and Microwave, Photo and Flow 
Chemistry. 
 
The second chapter is based on the work developed with NMR microchips which 
replaces the standard NMR radiofrequency coils for miniaturize versions of it, in our 
case, planar spiral microcoils. These microcoils have enabled us to analyse small 
volumes samples and detecting limited-mass samples, enhancing the intrinsic low 
sensitivity of NMR spectroscopy. Furthermore, we have hyphenated this system to a 
commercially available microreactor to perform an in-line analysis of a small library 
of heterocycles for extraction of kinetic data and for reaction optimization purposes. 
Moreover, this chapter also collects the work developed during my international stay 
in Durham, in the United Kingdom. This section summarizes the work develop in 
the generation of new chemical entities with promising biological activities using 
flow based procedures. 
 
The third chapter is based on using Computational Chemistry as tool to identify 
and quantify the parameters necessary to improve reactions under microwave 
irradiation, more concretely we have studied the cobalt catalysed cyclotrimerization 
reaction, the ruthenium catalysed metathesis reaction and the Pauson Khand 
reaction. Likewise, we propose a model to classify organic reactions in different types 
according to the improvement provided by the microwave irradiation. This chapter 
also includes the work develop in an interuniversity national collaboration developed 
in Zaragoza University. This work was conducted as a preliminary investigation into 
the factors that affect the enantioselectivity obtained in the asymmetric copper 
catalysed cyclopropanation when using copper complexes with 4,4’BOX ligands. 
 
The last chapter we present a combined application of the different methodologies 
presented in previous chapters: the experimental approach, with flow reactors and 
NMR spectroscopy, and computational approach towards the study of cycloaddition 
reaction initiated under photochemical conditions. 
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Present perspective and problem 
 
 

owadays the degree of comprehension of any individual in a certain topic it is 
often judged on whether someone solves a problem and how he or she solves it. 

This PhD thesis was thought as a possibility to study different Chemistry problems 
from a perspective that would be feasible to find solution using novel technologies. 
The development of integrated circuits,i chips or microchips can be first attributed 
to Jack S Kilby & Robert Noyce in the 50s (Siemens AG & Texas Instruments 
respectively), and marked the introduction of a concept that has extended beyond 
its initial purpose. Initially intended as a replacement of the vacuum tubes as 
switches, nowadays they are used as the brain of almost every modern electronic 
device, and in the field of Chemistry, they have emerged as an alternative 
methodology in the Flow Chemistry community for monitoring and development of 
reactions. Furthermore, the use of microchips can then be applied to either the 
theoretical approach in the field of Computational Chemistry or in a more practical 
focus as the integration of microchips in Chemistry grows exponentially.  
 
Hence, you can either be those who solve problems practically or be those who solve 
it theoretically. The former group call themselves “experimentalist”. They deal with 
observations, pose questions to nature, carry out the appropriate experiment and 
observe the results. The latter group are the “theoretician or theoretical people”, and 
they, on the other hand, are concerned with structuring individual observations into 
a rational order. They do so by building mathematical models, deducing general 
laws, and using those models or laws to predict the outcomes of future experiments.ii  
 
Slowly, the scientific community is shifting the classical way of trial and error 
approach to perform science. A very neat example of this interplay between fields 
lays in the pharmaceutical industry. Experimentally speaking, they normally follow 
the combinational approach: small-scale synthesis of a big library of compounds. All 
completely automated to optimize the human resource. This approach could 
potentially work if it was feasible to synthesize all the different molecules with all 
the possible permutation of the most common atoms: C, H, O, N. Unfortunately, 
there is no enough mass (nor time) in the universe to actually do it.iii However, if 
the theoretical approach can shed some light on the structure of the compound, 

                                            
i The History of the Integrated Circuit - Nobelprize.org 
ii Fort he most part, the boundaries between this two topics are blurring. Experimentalists are also good 
at pattern recognition and at formulating hypothesis, but the purposes are different for each one. 
iii (a) Doctor Honorius Causa UCLM – Don José Elguero Bertolini, 1999. (b) R. E. Davies, P. J. Freyd, 
J. Chem. Educ. 1989, 66, 278. 
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bearing in mind the role for which the molecule is intended, this approach is again 
very promising.iv 
 
This trial and error methodology is also encountering new problems. Once the 
easiest formulae are created, the remaining molecules are become increasingly more 
complex. Sometimes, they would be too complex to even synthesize them.v As such, 
new technologies had to be developed to achieve what the “normal chemistry” could 
not.  
 
Microwave chemistry, photochemistry and chemistry on flow are only a few of these 
relatively new technologies. However, not only new applications for these 
methodologies are sought; some areas, such as selection of key parameters and quick 
optimization of those, are still in need of further study. The motorization and 
parameterization of chemical reactions performed under these new methodologies is 
important to understand what is happening. The development of methodologies to 
monitor small-scale reactions is a field of high interest because it would enable most 
chemists to determine the optimal reaction conditions in short time and even, if the 
monitorization method allows it, to obtain structural information from the reaction. 
It’s noteworthy the importance to the predictive aspect of Computational Chemistry 
in order to understand the chemical problems and to avoid unnecessary experiments.  
 
However, nowadays to solve the chemical problems we face, it takes both, 
experiments and theory or, at the very least, to fully appreciate the complexity of 
any of these problems. The union of both approaches also enhances them 
individually; to put it in another words, a wonderful theory that fails to explain 
experimental results is not valid. Nor is an experiment that works but nobody 
knows why or how.  
 
It is why the person to undertake this work would be better off if he or she could 
approach these new technologies from both perspectives. We have to embrace that 
our understanding of the reality is not perfect, and sometimes, the process of data 
acquisition in an experimental approach is not trivial, so we needs both theory and 
practice to complement each other. 
 
  

                                            
iv J. Gálvez, J. V. de Julián-Ortiz, R. García-Domenech, J. Mol. Struc. THEOCHEM 2005, 727, 107-13. 
v I. Carvalho, A. D. L. Borges, L. S. C. Bernardes, J. Chem. Educ. 2005, 82, 588-96. 



 

 

 
 

Objectives 
 
 

he scope of this thesis is twofold. The experimental part is focused on the 
development of a small-volume NMR motorization system in order to analyse 

and optimize any chemical reaction in small scale. This monitorization system would 
be combined with modern and alternative technologies to perform chemical 
reactions at small scale, such as microwave irradiation, photochemistry, flow 
chemistry and their combinations. In addition, I would also work on the importance 
of Continuous Flow Organic Synthesis in the obtention of relevant compounds with 
possible epigenetic effects.  
 
The more theoretical or computational part, is based on the usage of tools from 
Computational Chemistry, in order to model different reactions, which would help 
us to determine the key parameters to monitor, improve and/or to understand 
different reactions, performed under microwave irradiation.  
 
To end, with the main aim of finding the potential of the theoretical and 
experimental combination, we will analyse a complex mixture of photo-isomers 
produced in a photo [2+2] cycloaddition. 
 
Specifically, the main objectives are: 
 

1. Integrate and optimize a microfluidic NMR chip with an integrated 
microcoil, into a small-volume NMR probe. This system will be used to in-
line monitor the formation of small heterocyclic rings under different 
activation techniques in continuous flow regimen. The aim is focused on 
being able to optimize and synthesize a small library of compound from 
which we would be able to extract kinetic information in very short times. 

2. Make use of the holistic nature of flow chemistry to perform the synthesis of 
hard-to-get compounds via hazardous materials in multigram quantities. 

3. Perform computational studies of organic and organometallic reactions in 
order to understand the key parameters, which would be make them 
susceptible to enhance microwave conditions. 

4. In a combined experimental and theoretical approach, we would aim to 
resolve the identification of a complex mixture of isomers making use of 
both computational and spectroscopy methods. For this purpose, the [2+2] 
photochemical induced cycloadditions between the (Z)-4-ariliden-5(4H)-
oxazolones has been selected. 

T 
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Química Computacional. Fundamentos y uso  
 
 

l vertiginoso desarrollo que experimentó la Química en la segunda mitad del 
siglo pasado, tuvo entre sus más sólidos aliados lo que actualmente conocemos 

como Química Computacional. Esta disciplina ha crecido en las últimas décadas 
pasando de ser un campo relativamente “esotérico” a ser una parte dentro la 
Química. Muchas veces, cuando se habla de Química Teórica o Computacional se 
suelen confundir los términos, pero existen notables diferencias entre ambas. El 
término Química Teórica puede ser definido como la descripción matemática de la 
Química, mientras que el término Química Computacional1 se emplea para definir 
una rama de la Química, en la cual se estudian aspectos de la Química empleando 
métodos matemáticos que están lo suficientemente desarrollados para ser 
automatizados e implementados en un ordenador.  
 
En la actualidad, la investigación química no sólo esta enfocada hacia la búsqueda 
de nuevas sustancias o materiales útiles, sino también a la comprensión, diseño y 
control de sus propiedades. La Química Computacional2 se encuentra en el 
trasfondo de esta nueva tendencia de la investigación química ya que proporciona 
las herramientas adecuadas para la descripción a nivel atómico y molecular de las 
estructuras químicas y la reactividad, llegando incluso a dirigir nuevas direcciones 
experimentales, actuando de manera predictiva. 
 
Así, la química computacional se ha abierto camino por la vía de los hechos, y 
cada vez es más frecuente ver en la literatura química resultados computacionales 
publicados por su propia relevancia o conjuntamente con estudios experimentales. 
Además, numerosas disciplinas han implementado estudios teóricos a sus 
investigaciones experimentales, no sólo en química sino también en biología 
molecular, geofísica, ciencias de los materiales, así como en diversas ingenierías. 
 
La Química ha dejado de ser una ciencia puramente experimental. Por ello, la 
química computacional debe jugar un papel importante en la formación de un 
químico del siglo XXI. 
 
 
 
 
 
 
 
 

E 
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1.1.1 Historia 
 
Los inicios de lo que hoy conocemos como la Química Cuántica, esta entrelazada 
con otro campo, la Mecánica Cuántica. Este campo es una rama de la Física que 
estudia los fenómenos físicos a escala microscópica, e intenta describir la realidad 
como una multiplicidad de estados, los cuales vienen descritos por ecuaciones 
físicas. Su andadura se inició con el descubrimiento de los rayos catódicos por 
parte de Michael Faraday en 1838 y con las contribuciones de científicos como 
Max Planck, Albert Einstein, Niels Bohr, Louis de Broglie, Max Born, Paul Dirac, 
Werner Heisenberg, Wolfgang Pauli, Erwin Schrödinger y Richard Feynman. Esta 
disciplina alcanzó su grado de madurez en la mitad del siglo pasado, y sus 
conocimientos son aplicados en otras ramas del saber.3 
 
Primera Era. La mecánica cuántica 
 
La Química Cuántica tuvo sus inicios en la década de 1920, cuando el físico 
austríaco, Erwin Schrödinger, publicó su famosa ecuación, conocida como ecuación 
de Schrödinger dependiente del tiempo.4 

       
Esta ecuación es capaz de explicar el espectro de los sistemas hidrogenoides y la 
cuantización de la materia sin necesidad de introducir términos “a priori” como en 
el modelo de Bohr. Sin embargo, en aquellos primeros instantes, la confianza en la 
completa descripción y/o conocimiento de la naturaleza menospreciaba las 
aportaciones de este nuevo campo, tal y como demuestran las afirmaciones de los 
científicos de la época:  

 
“The underlying physical laws necessary for the mathematical theory of a large 
part of physics and the whole of chemistry are thus completely known, and the 

difficulty is only that the exact application of these laws leads to equations much 
too complicated to be soluble”. Paul Dirac5 

 
A partir de los años 1950, comenzaron a observarse mejoras en las técnicas de 
espectroscopia, haciendo posible extraer información experimental precisa de las 
moléculas, lo que empujó a los químicos cuánticos a comenzar a estudiar más allá 
de los modelos monoelectrónicos. El final de esta época lo marca la publicación de 
las reglas de Woodward y Hoffmann sobre la estereoespecficidad de las 
(foto)reacciones electrocíclicas.6 
 
Segunda época. Ab initio 
 
Esta segunda época comienza con la observación generalizada de la falta de 
transferencia entre las observaciones experimentales y la descripción en la Química 

i~@ 
@t

=
~2
2m

@2

@x2
+ V (x) (x, t) ⌘ bH (x, t) = E (x, t) (1) 
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Cuántica, lo cual se atribuía a la gran cantidad de aproximaciones que se 
realizaban en su aplicación. Este hecho, unido a que la ecuación de Schrödinger 
sólo fuese resoluble de forma analítica para sistemas monoelectrónicos, parecía ser 
una barrera insalvable y que condenaría a la Química Cuántica a desarrollarse en 
el dominio de las aproximaciones. La comunidad científica era consciente de la 
necesidad de desarrollar unas nuevas metodologías matemáticas capaces de 
resolver aproximadamente la ecuación de Schrödinger para sistemas de varios 
cuerpos. 
 
En esos años, Douglas Hartree primero, John C. Slater y poco después Vladimir A. 
Fock, incorporaron los conceptos necesarios, dando lugar al nacimiento del método 
de Hartree-Fock, para realizar la primera descripción cuantitativa de la estructura 
electrónica de átomos polielectrónicos. En concreto, Hartree resolvió la ecuación de 
Schrödinger para el átomo de He mediante la descripción de cada electrón como 
una función independiente del movimiento instantáneo de otro electrón. Este 
método, sin embargo, no hacía cumplir el principio de exclusión de Pauli, para lo 
cual fue necesario expresar dicha función de onda como un determinante (solución 
propuesta por Slater). Poco después, Fock incorporó la anti-simetrización de la 
función de onda. A pesar de todo, esta solución era únicamente válida para 
sistemas sencillos y limitaba enormemente su aplicabilidad a sistemas más o menos 
complejos. Este problema no tardó en solucionarse gracias a las contribuciones de 
Clemens C. J. Roothaan y George G. Hall, con la introducción de funciones 
matemáticas para definir los orbitales de Fock (conocidas ahora como funciones de 
base). De esta manera, la búsqueda de la función de onda se reducía a la 
determinación de coeficientes numéricos que describían dicha función de onda. 
 
La posibilidad de resolver las ecuaciones de Roothaan-Hall con elevada precisión, 
dio origen a los llamados métodos ab initio, herramienta fundamental en el 
desarrollo de los primeros modelos interpretativos capaces de explicar fenómenos 
como los efectos inductivos, hiperconjugativos, la resonancia asociada al concepto 
de aromaticidad y proporcionar geometrías de sistemas donde existían una falta 
absoluta de información experimental. Sin embargo, aunque el modelo de Hartree-
Fock parecía prometedor, estaba muy lejos de tener la precisión necesaria para 
convertirse en una herramienta predictiva, ya que partía de un modelo físico 
incorrecto al no tener en cuenta que el movimiento de los electrones está 
fuertemente correlacionado. 
 
La aparición de un nuevo modelo, más riguroso en su base física, proporcionaría 
resultados más concordantes con la evidencia experimental, pero incrementaba de 
manera notable el esfuerzo computacional. Esta nueva aproximación fue 
desarrollada por John A. Pople (Figura 1.1.), Premio Nobel de Química en 1998 
compartido con Walter Kohn (Figura 1.1.); el cual adaptó la teoría de 
perturbaciones propuesta inicialmente por Møller y Plesset en los años treinta,7 
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incluyendo en este modelo la correlación electrónica. Nacía así la metodología MPn 
(n = 2, 3....6) que pondría los cimientos de la química cuántica moderna. 

   
Figura 1.1. (izq.) John A. Pople, (dcha.) Walter Kohn 

Tercera época. DFT 
 
Se suele decir que esta época comienza con el postulado por parte de Hohenberg y 
Kohn de la existencia de una función de densidad electrónica, y posteriormente 
definida por Kohn y Sham.8 La novedosa idea de estos científicos consistía en 
emplear la función de densidad electrónica en lugar de la función de onda para 
tratar problemas químicos. Sin embargo, no había sido la primera vez que se había 
intentado utilizar esta nueva concepción teórica.9 Inicialmente esta propuesta se 
trató con cierta “ironía hostil” por parte de la comunidad científica (que eran más 
partidarios de los métodos ab initio). 
 
En la teoría del funcional de la densidad (o DFT, density functional theory), la 
energía se obtiene10 a través de la función de densidad electrónica y resolviendo las 
ecuaciones de Kohn-Sham,11 al contrario que los métodos ab initio que estudian la 
función de onda y resuelven la ecuación de Schrödinger. La gran ventaja es que 
mientras la función de onda es una función matemática de 3N dimensiones, donde 
N es el número de electrones, la función de densidad es simplemente una función 
tridimensional de las tres coordenadas del espacio físico. La ventaja de la DFT 
abrió la posibilidad de calcular sistemas químicos con muchos átomos y muchos 
electrones, inabordables, debido a su coste computacional, si se recurre a la 
metodología ab initio. 
 
Poco a poco, la introducción de la DFT en la metodología científica comenzó a 
expandirse al convencer a los escépticos a base de resultados y también debido a la 
mejora de la eficiencia del cálculo con respecto a los métodos anteriores.  
 
Cuarta época. La interpretación química 
 
Aunque los métodos teóricos habían ido mejorando a lo largo de los años, el único 
referente válido en este campo siempre lo constituía un buen experimento que 
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corroborara cualquier teoría. Es por ello que parecía que los cálculos 
quimicocuánticos siempre se daban a posteriori de la evidencia experimental, 
limitando su función casi exclusivamente a la interpretación de dicha evidencia. En 
ese sentido, cuando existían (y existen) desacuerdos significativos entre la 
evidencia experimental y los cálculos mecanocuánticos, se achacaba a un error de 
los cálculos computacionales. Sin embargo, se han dado casos donde al final se ha 
demostrado que eran los cálculos los que estaban dando la respuesta correcta y la 
supuesta evidencia experimental era la que tenía que ser revisada.  
 
El ejemplo más paradigmático lo constituye el metileno, CH2. En 1960, Foster y 
Boys12 publicaron los primeros cálculos ab initio sobre este sistema en el que 
concluyen que el metileno es angular (129º) en su estado fundamental 3B1. 
Desgraciadamente, los experimentos realizados por Herzberg concluían que el 
metileno en su estado fundamental triplete era lineal,13 contradiciendo lo obtenido 
por cálculos, lo cual supuso un varapalo para la credibilidad de los cálculos 
mecanocuánticos. Después de muchos desacuerdos entre diferentes investigadores 
experimentales y teóricos (Figura 1.2.), Bender y Schaefer14 se deciden a publicar 
cálculos ab initio muy precisos, ratificando que el metileno tiene un ángulo de 
enlace de 135.1º en su estado fundamental. Casi simultáneamente se publicó un 
estudio experimental, haciendo uso de técnicas más modernas, demostrando que el 
metileno atrapado en Xenón a 4.2 K es angular. Tres meses más tarde un segundo 
artículo de Berheim y col.15 ratificó el resultado predicho computacionalmente 
indicando que el ángulo de enlace en el metileno era de 137.7º.16  

 
Figura 1.2. Dibujo realizado por Brian Coppola donde se plasma la controversia sobre la determinación 

estructural de la molécula de ozono. 

Acabábamos de entrar en una nueva era de la Química Cuántica, en la que esta 
disciplina pasaba de ser una herramienta cualitativa, a poseer un valor 
cuantitativo. A esto contribuyeron de un modo notable diversos factores: la 
indiscutible evolución de los ordenadores, cada vez más rápidos y potentes; el 
desarrollo de metodologías ab initio de alto nivel, como el método CCSD(T) o las 
teorías Gn (n =1-4) de Pople y colaboradores,17 capaces de alcanzar, lo que se vino 
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a llamar, precisión química, ya que se pueden calcular magnitudes termodinámicas 
con una precisión de ±1 kcal/mol.  
 
1.1.2 Métodos  
 
Las cinco décadas transcurridas desde el nacimiento de la química computacional 
han servido para probarla y demostrar su validez. Así, los estudios 
computacionales se han abierto camino por la vía de los hechos dentro del mundo 
de la investigación. Los campos de aplicación de esta disciplina son cada vez 
mayores y el número de artículos publicados en los últimos años sobre esta 
disciplina han crecido de forma exponencial. 
 
Esta disciplina engloba una gran diversidad de métodos y aproximaciones teóricas 
y se ha desarrollado una terminología muy rica en acrónimos, difícil de seguir para 
el no especialista. Ciertamente, una descripción mínimamente detallada de estos 
métodos ocuparía un gran volumen. En este trabajo haremos un breve resumen de 
los principales métodos computacionales, lo más asequible posible. 
 
A modo de presentación general, el esquema 1.1. incluye un diagrama con las 
principales metodologías y acrónimos empleados más frecuentemente. 

 
Esquema 1.1. Diagrama general de los principales métodos utilizados en Química Computacional. 

Uno de los aspectos más difíciles de esta disciplina es la elección del método 
computacional, el nivel de teoría y el conjunto de bases adecuado a cada problema 
químico. De su correcta elección depende la fiabilidad de los resultados obtenidos. 
No todos los tipos de cálculos son posibles con todos los métodos y un método no 
es el mejor para todos los fines. Para una aplicación dada, cada método posee 
ventajas e inconvenientes. Su elección depende de un gran número de factores, 
entre los que se incluyen la naturaleza, el tamaño de las moléculas y la 
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disponibilidad de parámetros, pero sobre todo, depende del estudio químico al que 
nos enfrentemos, del tipo de información deseada y de los recursos temporales e 
informáticos. Del mismo modo, dentro de un determinado método existen una gran 
variedad de niveles de teoría y funcionales. Todo esto implica un conocimiento 
profundo de cada uno de ellos por parte del químico computacional para su 
correcta aplicación. 
 
Así, a mayor complejidad del método empleado, mayor es la fiabilidad de los 
resultados, pero también aumentan el tiempo y los recursos informáticos 
necesarios. A continuación se hará un breve resumen de los diferentes métodos. 
 
1.1.2.1 Mecánica Molecular 

 
Los métodos de mecánica molecular emplean una descripción clásica, es decir, no 
cuántica del núcleo, tanto para describir las superficies de energía potencial como 
las propiedades físicas de las moléculas. Las moléculas se representan, como un 
conjunto de esferas de diferentes masas, radios y cargas parciales, unidas por 
enlaces que son tratados como muelles. Para definir cómo varía la energía en 
función de la posición de los átomos en la molécula se emplean campos de fuerzas, 
los cuales están definidos por ecuaciones del tipo: 

               
donde U es la energía potencial total de la molécula, siendo ésta la suma de la 
energía debida a la tensión de los enlaces individuales (Us), la deformación del 
ángulo (Ub), la de torsión (Ut) y la debida a interacciones de Van der Waals 
(Uvdw). A su vez, cada uno de esos términos contiene parámetros que consideran 
factores como hibridación, presencia de heteroátomos o grupos funcionales. Por 
tanto, la calidad de los resultados obtenidos dependerá de la elección de los 
parámetros empleados, siempre teniendo en cuenta que los valores de energía 
obtenidos deben interpretarse de forma cualitativa, antes que cuantitativa. Sin 
embargo, cuando no existen datos experimentales suficientes, no es posible realizar 
el cálculo. 
 
Por otra parte, los cálculos en mecánica molecular no tratan de manera explícita 
los electrones de un sistema, ya que los efectos electrónicos se encuentran incluidos 
en los campos de fuerza, por lo que no se pueden hacer estudios sobre procesos que 
involucren formación o ruptura de enlaces. Esto impone limitaciones, ya que no es 
posible su uso en la determinación de estados de transición, y por tanto, de 
mecanismos de reacción. 
 
Sus mayores aplicaciones se encuentran en el estudio conformacional, la 
optimización de moléculas de gran tamaño como proteínas, simulaciones de 
dinámica molecular de líquidos y disoluciones y en la predicción y diseño de 

U =
X

Us +
X

Ub +
X

Ut +
X

Uvdw (2) 
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compuestos biológicamente activos mediante la técnica QSAR (Quantitative 
Structure-Activity Relationship). 
 
1.1.2.2 Dinámica Molecular 
 
Al contrario del resto de métodos mecanocuánticos, en este tipo de cálculos se 
considerara la variable temporal, pudiendo determinar la variación de un 
propiedad a lo largo del tiempo. En ocasiones, si la molécula que se pretende 
estudiar posee un número restringido de estados posibles separados por barreras 
energéticas apreciables, los métodos independientes del tiempo son suficientes para 
obtener información químicamente útil. Si la molécula es muy flexible y tiene un 
número considerable de grados de libertad, una única estructura no tiene 
demasiado significado químico, siendo necesario entonces calcular el promedio 
temporal de la propiedad objeto de estudio. En otras palabras, se hace necesario 
conocer el comportamiento dinámico de la molécula.18 Si asumimos que para un 
conjunto de partículas a temperatura y volumen constantes el sistema queda 
definido por sus coordenadas espaciales (r) y por sus momentos lineales (p), el 
promedio de una propiedad A determinada se puede definir como: 

                 
donde E(r,q) corresponde a la energía calculada mediante cualquiera de los 
métodos anteriores. En la práctica, el cálculo de <A> a partir de la resolución 
analítica de las igualdades no es posible y, por tanto, se llevan a cabo cálculos 
numéricos según la siguiente expresión: 

                                 
donde el sumatorio se extiende sobre los valores de A(ti) a diferentes tiempos.  
 
Habitualmente, los cálculos se integran durante varios picosegundos o 
nanosegundos, con incrementos del orden de femtosegundos. Esto supone un 
considerable esfuerzo computacional, y no es sorprendente que los métodos más 
frecuentemente utilizados en dinámica molecular sean los basados total o 
parcialmente en la mecánica molecular, especialmente si se llevan a cabo sobre 
moléculas de interés biológico. 

 
1.1.2.3 Métodos Cuánticos  
 
Los métodos de mecánica cuántica se basan en proporcionar una solución 
aproximada de la ecuación formulada por Schrödinger4 para describir una molécula 
con tratamiento explícito de los electrones. 
 

< A >= lim
t!1

1

t

Z t
o

+t

t
o

A(rN (⌧), pN (⌧))d⌧

< A >=
1

M

MX

i

A(ti)

(3) 

(4) 
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La energía es el valor propio del operador de Hamilton (H) siendo la función de 
onda Ψ función propia de dicho operador. 

   
donde r es el radio, i y j representan los electrones, k y l representan los núcleos. 
Así en la ecuación anterior, el primer término es el operador de la energía cinética 
de los electrones, el segundo término corresponde a la energía cinética de los 
núcleos, el tercer término corresponde a la energía potencial de las atracciones 
entre los electrones y los núcleos, el cuarto término corresponde a la energía 
potencial de repulsión interelectrónica y el último es la energía potencial de las 
repulsiones entre los núcleos, con distancia rij y números atómicos Zk y Zl. 
 
Las soluciones de la función de onda describen el conjunto de estados posibles para 
un electrón. El aspecto físico para estos estados viene descrito por la función de 
probabilidad, que corresponde al cuadrado de la función de onda Ψ. Cuando dicha 
función está normalizada entre a y b describe la probabilidad de encontrar un 
electrón en la zona del espacio delimitado por esas dos posiciones 

                                      
Estas soluciones son conocidas y corresponden a los orbitales atómicos s, p y d. 
Dicha ecuación sólo puede resolverse de forma analítica para sistemas sencillos, por 
lo que será necesario recurrir a métodos aproximados, entre los que cabe destacar 
los siguientes: 
 
1.1.2.3.1 Semiempíricos 

 
Una de las formas más sencillas a la hora de abordar el problema de 
resolución de la ecuación de Schrödinger, consiste, como es lógico, en 
resolver las ecuaciones y las integrales que comportan, pero no todas las 
formas de resolución deben ser de forma analítica, también se pueden 
resolver de forma paramétrica. Si esta ecuación se resuelve mediante 
parámetros ajustados para reproducir resultados experimentales, dichos 
métodos son denominados semiempíricos,19 y los más extendidos son los 
métodos AM1 y PMn. 
 
En estos métodos, se elimina una enorme cantidad de integrales, ya que por 
una parte, los núcleos y los electrones internos se engloban en unas 
entidades denominadas cores, quedando el hamiltoniano electrónico reducido 
a los electrones de valencia. La representación de una molécula es la que se 
indica en la Figura 1.3., y la energía se calcula como la suma de las 
repulsiones core-core (Ecc), las atracciones electrón de valencia-core (Eec

V) y 
las interacciones entre electrones de valencia (Eee

V): 

bH = �
X

i

~2
2me

r2
i �

X

k

~2
2mk

r2
k �

X

i

X

k

e2Zk

rij
+

X

i<j

e2

rij
+

X

k<l

e2ZkZl

rkl

Z b

a
 2(r)dr = 1

(5) 

(6) 



Parte I 

 10 

                         
Estas drásticas aproximaciones permitieron que en los años 80 se pudieran 
estudiar reacciones de interés químico, entre las que cabe destacar la 
reacción SN2, en las que se introducían sustituyentes “reales”; por ejemplo, 
buenos grupos salientes como el yoduro o el mesilato en reacciones SN2, en 
lugar del fluoruro o, a todo lo más el cloruro, que eran los grupos estudiados 
mediante métodos ab initio. 

 
Figura 1.3. Descripción de una molécula mediante métodos mecanocuánticos semiempíricos. El 
termino core i engloba el núcleo y los electrones internos del átomo i. eV

k representa el electrón 
de valencia k, no adscrito a ningún core concreto. Figura de F. Cossío Anales de RSEQ 2003. 

1.1.2.3.2 “Ab initio” 
 

A estas metodología se les denominó ab initio (“desde el principio” en latín), 
para indicar que no había aproximaciones basadas en parámetros 
moleculares. Este es el caso de los métodos mecanocuánticos indicados en el 
esquema 1.1., los que se basan en la aproximación SCF-MO (Self-Consistent 
Field-Molecular Orbitals) que resuelven de forma aproximada la ecuación de 
Schrödinger independiente del tiempo, en la que la energía (E) es el valor 
propio del operador Hamiltoniano (H), siendo una función de onda (Ψ) la 
función propia correspondiente. Esta función de onda depende, a su vez, de 
las coordenadas espaciales de los núcleos y de los espines de los electrones 
que constituyen una molécula: 

 
Esta ecuación sólo puede resolverse de forma analítica para los sistemas más 
sencillos, por lo que es necesario recurrir a diversas aproximaciones: 

Aproximación de Born-Oppenheimer. Según esta metodología, una 
molécula se describe como un conjunto de electrones moviéndose en un 
conjunto de núcleos mucho más masivos, que pueden considerarse fijos para 
un hamiltoniano electrónico dado, según se indica en la Figura 1.4. De forma 
numérica, consiste en la separación del operador hamiltoniano en el 
sumatorio de un hamiltoniano electrónico y otro nuclear, cada uno de ellos 

E = Ecc + EV
ec + EV

ee

E = bH 

(7) 

(1) 
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con diferentes contribuciones. Así el hamiltoniano electrónico se expresa de 
la siguiente forma: 

                
donde Te es el operador correspondiente a la energía cinética de un electrón, 
VeN corresponde al potencial de atracción entre un electrón y un núcleo y 
Vee corresponde a la interacción entre dos electrones. Los sumatorios de la 
expresión del hamiltoniano electrónico sirven para todos los electrones y 
núcleos de la molécula que se estudia. La parte electrónica puede entonces 
resolverse independientemente para una función de onda electrónica, Fe, en 
la forma: 

                                
donde ee es una energía que depende implícitamente de las coordenadas de 
los núcleos.  

La parte nuclear de la ecuación de Schrödinger puede entonces resolverse 
mediante un hamiltoniano nuclear (HN): 

               
donde TN es el operador correspondiente a la energía cinética de un núcleo y 
VNN describe la repulsión internuclear. Los dos últimos términos de la 
derecha de la ecuación anterior proporcionan una superficie de energía 
potencial para diferentes disposiciones de los núcleos del sistema que se 
pretende estudiar. Es ésta superficie (o hipersuperficie) la que se analiza 
cuando se estudia computacionalmente una molécula o una reacción 
química. De entre los términos de las ecuaciones del hamiltoniano 
electrónico y el nuclear, el más difícil de evaluar es el potencial electrón-
electrón (Vee). 

 
Figura 1.4. Descripción de una molécula mediante métodos mecanocuánticos (QM) ab initio y 
derivados de la teoría del funcional de la densidad (DFT). Ni indica el núcleo del átomo i y ek 

son electrones, tanto interiores como de valencia, no adscritos a ningún núcleo concreto.  
Figura de F. Cossío Anales de RSEQ 2003. 

 

bHe =
elecX

bTe +
elecX nuclX

bVeN +
elecX elecX

bVee

bHe�e = ⇥e�e

bHN =
nuclX

bTN +
nuclX nuclX

bVNN + �e

(8) 

(9) 

(10) 
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Aproximación de Hartree-Fock o HF, esta consiste en suponer que 
cada electrón se mueve en un potencial promedio generado por los restantes 
electrones. Sin embargo, para resolver la ecuación de la parte electrónica, es 
necesario conocer la forma de la función de onda fe, para lo que a su vez hay 
que conocer la forma de Vee.  
 
Con el fin de romper este circulo vicioso, lo que se hace es proponer una 
función fe y con ella calcular la energía ee correspondiente, así hasta que 
sucesivos cambios en fe producen cambios imperceptibles en dicha energía. 
Entonces se considera que el sistema es autoconsistente (self-consistent) y 
que los valores fe y de ee son razonablemente satisfactorios. Éste es 
básicamente el fundamento del método SCF-MO, en el que la función de 
onda electrónica fe se compone de combinaciones antisimetrizadas (es decir, 
en su forma más sencilla, de determinantes) de productos de funciones 
llamadas orbitales moleculares fi que, a la vez se calculan como la 
combinación lineal de orbitales atómicos (ca), centrados en cada uno de los 
átomos de la molécula objeto de estudio, siendo los escalares aia los 
coeficientes de expansión correspondientes: 

                               
Aproximación de la combinación lineal de orbitales atómicos 
(LCOA). Otro problema añadido es la forma analítica de los orbitales 
atómicos, por ello se utilizan los orbitales tipo Slater (o Slater Type 
Orbitals, STOs). Estos son difíciles de integrar, un problema que se agrava a 
medida que crece el número de átomos y electrones de la molécula en la que 
estamos interesados. Dado que, dentro de ciertos límites, para un ordenador 
es mejor hacer muchas veces algo sencillo que pocas veces algo complicado, 
lo que se hace es aproximar los orbitales atómicos ca por combinaciones 
lineales de funciones gaussianas (Gk), cuyas integrales pueden ser evaluadas 
computacionalmente de una manera más eficiente.20 

                              
En la expresión anterior, los términos gk están predeterminados por 
convenio. Por ejemplo, la expresión “STO-3G” quiere decir que se ha 
aproximado un orbital de tipo Slater con una combinación de 3 gaussianas 
(M=3). Actualmente, la aproximación más usual consiste en describir, para 
un átomo dado, los electrones internos mediante orbitales atómicos 
aproximados a 6 gaussianas y los electrones de valencia mediante dos 
orbitales atómicos, libres de combinarse en el proceso SCF-MO, uno de ellos 
descrito con tres gaussianas y otro, el más exterior, mediante una gaussiana. 
Esto es lo que habitualmente se denota como 6-31G. Aunque caben otras, 
posibilidades, por ejemplo, a este conjunto se le puede añadir una función 

�i =
NX

�=1

ai�⇥�

�� =
MX

k=1

gkGk

(11) 

(12) 
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gaussiana más extendida en el espacio (más difusa), que acomode mejor 
especies con carga. A este conjunto se denomina 6-31+G. También pueden 
añadirse funciones de polarización que hacen al orbital más moldeable y 
menos rígido, por ejemplo, gaussianas de tipo d para átomos de la segunda 
fila de la tabla periódica. En este caso, al conjunto resultante se le suele 
añadir un asterisco (por ejemplo 6-31G* o 6-31+G*). Y así se pueden ir 
añadiendo funciones indefinidamente. (Figura 1.5.)  

 
Figura 1.5. Representación gráfica de las bases 6-31G, 6-31G* ó 6-31G** 

Sin embargo, aunque se utilicen funciones muy sofisticadas, el método HF 
nunca puede dar la energía exacta, ya que la repulsión “instantánea” entre 
los electrones es sustituida por una repulsión promedio, lo que constituye 
una aproximación bastante radical. A la diferencia entre la energía exacta y 
la “mejor” energía HF se la denomina energía de correlación. Con el fin de 
estimar esta energía se han desarrollado métodos post-Hartree-Fock, como 
los que se indican en el esquema 1.1. Como es obvio, estos tratamientos 
aumentan considerablemente el coste de cálculo. 

 
1.1.2.3.3 DFT – la aproximación de Kohn-Sham 
 

La función de onda de un sistema multielectrónico contiene más información 
de la estrictamente necesaria para el cálculo de parámetros físicos de 
relevancia. Por ese motivo, desde hace años se han intentado encontrar 
nuevas funciones que dependan de menos variables y que permitan calcular 
los valores de energía, la geometría y otras características estructurales.21 
 
Así, otra forma de introducir la correlación electrónica, con un coste 
computacional no demasiado elevado, consiste en la descripción de la energía 
como un funcional de densidad electrónica. Es lo que se conoce como la 
teoría del funcional de la densidad (Density Functional Theory, DFT). En 
las diferentes metodologías DFT, el truco consiste en partir de un sistema 
ficticio de electrones que no interaccionan y cuya densidad asociada es la 
misma que la del sistema real de electrones interaccionantes que constituyen 
la molécula en la que estamos interesados. Desgraciadamente, no hay ningún 
principio que permita conocer la distribución de densidad electrónica sin 
conocer anteriormente la función de onda. 
 

p d p*

s*s p

6-31G*

6-31G**

Electrones interiores
(core)

Electrones exteriores
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interiores
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Hohemberg y Kohn10 demostraron en 1964 que la energía de un estado 
fundamental, la función de onda y todas las demás propiedades electrónicas 
están unívocamente determinadas por la matriz que representa la función de 
densidad, r(x,y,z). Esto se conoce como el Primer Teorema de Hohenberg-
Kohn, y como consecuencia, la energía se define como un funcional de la 
densidad de probabilidad electrónica E0 = E0 [ρ 0], donde los corchetes 
denotan la relación de funcional. 

     
En esta ecuación, el termino de ENe[ρ o], depende del sistema, y el término 
FHK[ρo] corresponde con el potencial universal de Hohenberg-Kohn, que sólo 
representa las atracciones y repulsiones entre los electrones, Eee[ρ 0], y el 
término cinético, T[ρ 0], y se puede considerar universal porque su forma es 
independiente del número de electrones, carga o distancias del sistema.  
 
La forma de solucionar el problema de la búsqueda de la función de 
densidad electrónica fue desarrollada por Hohenberg y Kohn en el mismo 
trabajo, pasando a ser conocido como el segundo teorema de Hohenberg–
Kohn, y se postulaba que, dado que la energía del sistema en estado 
fundamental sólo se obtendría si se introduce la función de densidad 
electrónica del estado fundamental, se podría buscar esta función mediante 
un método variacional, donde se introducirían funciones de onda que 
obtendrían un valor de energía siempre superior al de la energía de la 
densidad electrónica verdadera. 

                             
La aproximación de Kohn–Sham (KS) a la resolución de este problema es 
introducir el concepto del computo de la energía cinética del modo más 
exacto posible, que culmina con la introducción de una serie de orbitales 
(orbitales de KS, análogo a las ecuaciones de HF) que permitirán deducir 
una función de densidad; y a la vez, intentar asumir que existirán términos 
que no se conocen y/o no se sabe muy bien como tratar (por ejemplo los 
términos de intercambio y correlación), que al evaluarse de forma numérica 
permite ofrecer soluciones prácticas a la DFT.2a El hecho de que las 
ecuaciones explicitas de estos funcionales no sean conocidas, es lo que 
representa el mayor problema del método DFT y es donde han surgido 
multitud de métodos intentando resolver este problema dentro del campo de 
la DFT.22 
 
Así, el denominado funcional de Kohn-Hohenberg es proclamado como el 
“Santo Grial del DFT”, dado que su carácter independiente hace que este 
método pueda aplicarse a sistemas tan grandes como se desee. Además, la 
resolución de estas ecuaciones es mucho más simple que las ecuaciones de 

E0[⇢0] = ENe[⇢0] + Eee[⇢0] + T [⇢0] = ENe[⇢0] + FHK [⇢0]

bfKS · ✓i = ✏i · ✓i

(13) 

(14) 
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muchos cuerpos de mecánica cuántica u otras aproximaciones, por lo que 
permite tratar sistemas más grandes y calcular más propiedades.  

 
1.1.2.3.4 Nuevos métodos 
 

Como ya hemos comentado, en la mayoría de los casos la precisión de los 
cálculos DFT dependen del funcional elegido. En los últimos años se está 
haciendo un gran esfuerzo en el desarrollo y validación de nuevos 
funcionales, pudiéndose diferenciar tres generaciones: 

 
i. Los funcionales de primera generación, conocidos como LSDA (Local 

Spin Density Approximation) que dependen únicamente de la 
densidad local de espín (rs) hacia arriba y abajo (s=a,b), los cuales no 
son los más adecuados para tratar sistemas químicos. 

ii. Los funcionales de segunda generación, denominados como GGA 
(Generalized Gradient Approximation), que dependen de rs y de s. 
Estos funcionales son más precisos que los de primera generación; 
entre ellos, el más conocido y más ampliamente utilizado hasta el 
momento es método hibrido B3LYP. A pesar de que este funcional ha 
sido el más popular y ha permitido la descripción de fenómenos 
químicos con gran precisión, se está viendo que posee algunas 
limitaciones, como son la sobrestimación, en algunos casos, de 
barreras energéticas y sobre todo no es válido en el tratamiento de 
interacciones no covalentes y en determinados sistemas 
organometálicos.  

iii. Los funcionales de tercera generación, entre los cuales destacan los 
funcionales desarrollados por Truhlar, entre ellos están los M05, M06, 
M06-L, M06-HF, M06-2X.23 

 
Así mismo, en los últimos años Grimme et al. han desarrollado los 
funcionales con correcciones por fuerzas de dispersión, para introducir 
términos correctores de las interacciones provenientes de las fuerzas 
intermoleculares débiles, importantes, sobre todo, para sistemas 
complejos.22,24 

 
1.1.2.3.5 Métodos en fase condensada SCRF (Self-Consistent Reaction Field) 

 
Uno de los retos actuales de la química computacional es el desarrollo de 
métodos que tengan en cuenta el disolvente, si bien esta es una tarea ardua 
y difícil. Es bien conocido que una molécula no se comporta igual en fase gas 
o en disolución, del mismo modo la influencia del disolvente sobre algunas 
reacciones es vital, de tal manera que su presencia puede modificar el 
mecanismo de dichos procesos.25 Para estudiar la influencia de un agente 
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externo sobre una reacción debe calcularse la variación de energía libre del 
sistema que produce ese factor. 

                             
siendo ∆G0

g la energía libre en fase gas y ∆G0
s la energía de solvatación. 

∆G0
s se expresa a menudo como una suma de contribuciones tales como 

interacciones electrostáticas, cavitación, cambios en la dispersión y en la 
estructura del disolvente. Su valor puede determinarse a partir de la 
constante de equilibrio, que describe el reparto de la especie A entre la fase 
gas y la fase condensada. 
 
Existen diversos métodos para afrontar el problema, dependiendo de la 
consideración de las moléculas de disolvente. Así, se podrán considerar de 
manera explícita o implícita, siendo esta última la elegida habitualmente 
para efectuar cálculos ab initio, denominándose métodos SCRF (Self 
Consistent Reaction Field), ya que el coste computacional asociado a un 
cálculo ab initio con moléculas de disolvente explícitas sería excesivo con los 
medios disponibles actualmente. 
 
Los métodos SCRF suponen que el soluto está en una cavidad rodeado de 
disolvente, que se representa como un continuo con una constante dieléctrica 
definida (Figura 1.6.). Los métodos SCRF sólo calculan el componente 
electrostático, y las demás “contribuciones” (cavitación, dispersión, 
repulsión) suelen calcularse de forma empírica y se añaden al final, tras la 
convergencia del SCRF. La forma de la cavidad es esencial para el cálculo 
SCRF, ya que la interacción de la distribución electrónica del soluto con el 
dieléctrico depende mucho de la superficie de la cavidad. 

 
Figura 1.6. Representación esquemática de los métodos implícitos para considerar los efectos del 

disolvente. a) Continuo sin perturbar junto a la geometría en fase gas. b) Creación de la 
cavidad. c) Introducción de la estructura dentro de la cavidad. 

�G0
t = �G0

g +�G0
s

(15) 
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Onsager26 y Kirkwood desarrollaron un método considerando las moléculas 
como esferas de radio a0 y carga q, donde la densidad de carga en cada 
punto viene dada por: 

                                    
La simplicidad de este método permite calcular ∆Gs de manera sencilla. Sin 
embargo, los errores absolutos en las energías de cavitación son muy 
elevados, ya que la suposición inicial de que las moléculas son esferas de 
radio a0 no es válida para la mayoría de los compuestos orgánicos. 
 

Este problema puede solventarse considerando cavidades de forma arbitraria. 
Tomasi y col.27 desarrollaron el método PCM (Polarizable Continuum Model) 
donde la cavidad de las moléculas viene dada por una función de obstrucción28 que 
se obtiene por solapamiento de las esferas atómicas, teniendo en cuenta, para ello, 
el radio de Van der Waals de cada átomo. Se considera que el soluto polariza el 
medio, generando un campo electrostático que modifica su densidad electrónica. 
Dicha interacción soluto-disolvente Vms se expresa en términos de interacción del 
potencial electrostático entre la molécula de soluto y la densidad de carga aparente 
del disolvente σ(s). Este método proporciona propiedades moleculares en disolución 
razonablemente próximas a los valores experimentales.29 
 
Otro método desarrollado es COSMO/RS,30 el cual describe la cavidad molecular 
en función de segmentos, triángulos, hexágonos, pentágonos, etc. Esta descripción 
ignora procesos microscópicos que suceden en disolución31 al considerar al 
disolvente como un continuo. Por tanto, la búsqueda de un método computacional 
para fases condensadas rápido y fiable sigue abierta. 
 
1.1.3 La Química Computacional dentro de la Química 

 
Hace unos años, cuando se proponía realizar una síntesis en el laboratorio, no se 
pensaba en realizar cálculos computacionales y/o predicciones de ningún tipo. Sin 
embargo, hoy en día, la mayoría de los Químicos Orgánicos e Inorgánicos, e incluso 
los Bioquímicos, suelen consultar los resultados obtenidos mediante cálculos 
computacionales para decidir sobre la viabilidad de ciertas reacciones o 
comprender determinados procesos. En realidad, la Química Computacional ha 
pasado a la categoría de herramienta casi rutinaria, como en su día le ocurrió a la 
RMN, que en sus inicios era una técnica desarrollada por físicos, y de empleo muy 
complejo. 
!
Existen estadísticas evidentes que muestran un ascenso exponencial en el uso de la 
Química Computacional dentro de la Química Orgánica y la Química en general. 
La figura 1.7. representa el crecimiento en el número de citas encontradas en el 
SciFinder que hacen referencia a la Teoría del Funcional de Densidad (DFT) 

⇢(s) =
q

4⇡a0
(16) 
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durante los últimos años. Sin embargo, sólo una parte de estos datos corresponde 
al uso de herramientas computacionales en Química, y dentro de este rango, no 
todos los ejemplos químicos corresponden con ejemplos en Química Orgánica. Es 
por ello, que un mejor indicador de la importancia creciente de los métodos 
computacionales en Química Orgánica se encuentra en el número de artículos 
publicados en las revistas The Journal of Organic Chemistry (ACS), European 
Journal of Organic Chemistry (Wiley), Organic Letters (ACS), Organic & 
Biomolecular Chemistry (RSC), la serie de Tetrahedron (Sciencedirect) y Journal 
of Physical Organic Chemistry (Wiley) que incluye las palabras “ab initio,” “DFT,” 
o “density functional theory” en su título o en el abstract.  

 
Figura 1.7. Número de citaciones por años de DFT en el SciFinder por revista. 

Dentro de estos artículos podemos encontrar la aplicación de la Química 
Computacional a problemas tan diversos como estudios de análisis conformacional, 
determinación de propiedades físicas, cálculos de orbitales moleculares, de 
distribución de cargas atómicas, mapas de densidad electrónica, polaridad de 
enlace, determinación de mecanismos de reacción, determinación de agregados 
supramoleculares y un largo etc. 
 
Afortunadamente, en la actualidad existe una transferencia de conocimientos 
computacionales hacia los grupos experimentales. Esta transferencia lleva asociada 
un “lado oscuro”, sobre todo cuando estos cálculos se realizan bajo la estrategia de 
“caja negra”, que consiste en “recetas” establecidas implantadas en programas 
comerciales fácil de utilizar y que se usan para obtener la información sobre un 
problema particular, pero todo ello sin un conocimiento mínimo de lo que 
realmente ha ocurrido en estos cálculos. 
 
¿Qué se debería tener en cuenta a la hora de realizar estos cálculos 
computacionales?. Lo primero que se ha de tener en cuenta es si realizarlos tiene 
algún sentido para un determinado problema en previsión de los resultados 
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esperados. El siguiente aspecto a considerar es decidir que modelo y/o 
simplificaciones (si acaso fuese necesario) respecto al sistema real se deben hacer, 
pero siempre teniendo en cuenta que todos los componentes importantes deben 
incluirse. Los errores cometidos en este paso son muy difíciles de corregir 
posteriormente. La elección del método computacional esta íntimamente ligado con 
el sistema elegido y se deben seguir ciertos procedimientos, para lo que se necesita 
un cierto grado de experiencia, ya que la Química Teórica ofrece multitud de 
métodos que difieren en su aplicabilidad, coste computacional y exactitud; por 
tanto, se deben realizar algunas decisiones (funcionales a utilizar, funciones bases, 
programa…). Incluso, si la elección corresponde con el método más estandarizado 
B3LYP/6-31G*, se debe tener en cuenta que la misma implementación de éste en 
diferentes programas comerciales difiere ligeramente, llegando incluso a dar 
resultados diferentes. 
 
La interpretación de los resultados no es una tarea fácil y es ahí donde se debe 
introducir el componente discriminador y crítico de un Químico. Es por ello que 
los usuarios deben ser capaces de entender y analizar cuidadosamente los cálculos 
teóricos, y siempre combinarlo con resultados experimentales, para observar el 
resultado final del problema en cuestión. La mejor actitud a la hora de analizar los 
resultados, tal y como el matemático Charles Coulson dijo: “Give us insight, not 
numbers”.  
 
1.1.4 Retos futuros 
 
El progreso científico en las últimas décadas ha sido tan espectacular y sobre todo 
se produce a un ritmo tal, que es de todo punto imposible hacer una recopilación 
ni mucho menos completa de los retos a los que la Química Teórica y 
Computacional se tendrá que enfrentar en el futuro inmediato o en el futuro a 
medio plazo. Entre estos retos, cabe destacar, la necesidad de ir mejorando e 
implementando nuevos métodos y funcionales que permitan una mejor descripción 
de los sistemas químicos, todo ello acompañado del desarrollo de software y 
hardware. 
 
No debemos olvidar, que el objetivo final de la Química Computacional es la 
completa descripción de la Química, y para ello es necesario extenderla mas allá de 
las geometrías de equilibrio para poder describir interacciones intermoleculares y 
estados de transición en las reacciones. Esta descripción es problemática para la 
mayoría de los métodos, obteniendo barreras irreales y a veces, por varias 
kilocalorías/mol. Esto es aun más patente en sistemas mayores y donde la escala 
de energía es mucho menor, como son las descripciones de las fuerzas de van der 
Waals o las fuerzas de dispersión de London en sistemas de agregación 
supramoleculares.24a, 24b, 32 
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Estas omnipresentes fuerzas de dispersión ocurren en la naturaleza y acompañan a 
otras interacciones débiles. En este sentido, aunque la química cuántica actual es 
capaz de describir con extraordinaria precisión las energías de los enlaces químicos, 
tal y como hemos comentado, esta precisión baja notablemente cuando se trata de 
interacciones débiles. Algunos resultados sorprendentes han visto la luz 
recientemente. Hasta hace no mucho la comunidad científica estaba convencida 
que las interacciones que mantenían unidas las hebras del ADN, para formar la 
famosa hélice, eran enlaces de hidrógeno entre las diferentes bases que las 
componen.33 Sin embargo, cálculos precisos recientes han llegado a la conclusión de 
que las fuerzas de dispersión asociadas al apilamientos (π-stacking) de los 
diferentes anillos juegan un papel crucial, hasta el punto que su ausencia haría que 
la hélice fuera inestable. 
 
La correcta descripción de estas atracciones, enlaces covalentes y estados de 
transición siguen siendo un reto, y este interés continuará aumentando con el 
incremento de aplicaciones en sistemas biológicos. 
 
Existen más retos mucho más generales (tratamientos dinámicos a nivel cuántico, 
simulaciones de dinámica molécular de sistemas de auto-ensamblado, modelado de 
materiales sin datos experimentales, dinámica de sistemas heterogéneos, etc.…)34 
que recomendamos al lector interesado. Sin embargo, siempre tenemos que 
continuar recordando, que aunque las teorías mejoraran y se extenderán con el 
trabajo constante, tanto de Químicos Cuánticos y Experimentales, incrementando 
y mejorando la precisión de los cálculos, al final, es imprescindible un buen 
conocimiento de esta disciplina y una correcta interpretación de los resultados, ya 
que de lo que se trata no es obtener números, sino de ayudar a comprender la 
Química. 
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Monitorización y Optimización de reacciones en tiempo real. 
Microbobinas de Resonancia Magnética Nuclear. 

Fundamentos y uso 
 
 

A la hora de realizar el seguimiento de una reacción, la elección de la técnica de 
monitorización depende sobre todo de las características de la reacción. Entre 
todas las técnicas que se pueden elegir, el método más comúnmente elegido es la 
extracción de una pequeña alícuota para su posterior análisis. Esta forma de 
trabajo conlleva pasos adicionales de tratamiento, fuerza a trabajar con cantidades 
moderadas de reacción, supone la pérdida de la muestra según sea el método de 
análisis elegido, y la separación física y temporal del proceso de análisis de la 
reacción. 
 
En la literatura se han descrito ejemplos del acoplamiento de diferentes sistemas 
de análisis en el proceso de optimización y realización de reacciones.35 Hoy en día 
se busca la intensificación de procesos químicos con un menor coste, optimizando 
el modo de trabajo frente a la aproximación tradicional de análisis (error y 
repetición), lo cual supone una pérdida de tiempo y recursos en cualquier 
laboratorio.  

 
Una de las últimas herramientas (relativamente novedosa y práctica en la síntesis 
química) desarrolladas para resolver este problema es la química en flujo. Dentro 
de sus muchas ventajas destacan la facilidad de acoplamiento con multitud de 
técnicas de análisis36 y, si la técnica de análisis lo permite, la utilización de 
cantidades muy pequeñas en el proceso de monitorización y optimización de las 
reacciones a tiempo real. 
 
1.2.1 Escala de tiempo en la monitorización de reacciones 
 
Cuando se comienza el análisis de reacciones en condiciones de flujo continuo, los 
métodos de análisis y la nomenclatura se diferencian ligeramente de la forma de 
trabajo convencional. A lo largo de este trabajo se mencionaran diferentes formas 
de análisis de las reacciones y por ello comenzamos definiendo los conceptos 
básicos. En la bibliografía no se ha encontrado una cohesión a la hora de definir las 
mismas y esto puede dar lugar a confusiones.37 A continuación se definen 
brevemente las más usadas a lo largo de la memoria. 
 

− Off-line: es la forma tradicional de análisis. Las muestras se extraen de los 
crudos de reacción y se acondicionan para la medida mediante la técnica 
que corresponda. El análisis se hace, generalmente cuando la reacción ha 
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acabado, aunque también se pueden extraer alícuotas durante el proceso 
de la reacción para un mejor seguimiento de la misma. 

 
− In-situ: en esta forma de trabajo, el análisis de la reacción se realiza en el 

mismo momento y lugar en el que la reacción se esta llevando a cabo. Por 
lo general, se suelen dividir en técnicas invasivas o de carácter no invasivo. 
De esta forma, se obtiene una información más rápida del progreso de una 
reacción. 

 
− In-line y/o On-line: en este caso, la técnica de análisis se encuentra 

acoplada de forma consecutiva a la reacción. Es la forma de trabajo más 
frecuente cuando se trabaja con reacciones en flujo continuo. Dependiendo 
de las condiciones de trabajo, en la literatura se puede referir a un término 
u otro, pero ambos significan lo mismo. De este modo, existe un desfase de 
tiempo entre la detección y la reacción, normalmente menor que en el caso 
de análisis off-line. 

 
Las ventajas del análisis, ya sea in-situ ú on-line, se centran en aspectos como la 
velocidad de adquisición de datos, la baja cantidad de muestra necesaria para el 
análisis y optimización, y la posibilidad de determinar la presencia de especies 
intermedias que podrían no observarse en análisis posteriores.  

  
1.2.2 Técnicas de monitorización acopladas a microreactores 
 
Tal y como se ha comentado, la práctica habitual en el análisis de reacciones, 
incluidas las realizadas en microreactores, consiste en la extracción de alícuotas 
para su posterior análisis.38 Sin embargo, en este apartado nos centraremos más en 
describir el análisis in-line, dado su mayor interés, describiendo aquellas técnicas 
analíticas que se han acoplado con microreactores en flujo continuo.39  
 
Un microreactor es un sustrato de vidrio donde se han realizado unos canales por 
donde circulan los disolventes y/o reactivos. Esta metodología se incluye dentro 
del campo de trabajo denominado “Lab-on-a-Chip”. En estos dispositivos se pueden 
integrar una o varias funciones que se pueden realizar en un laboratorio 
convencional, pero realizándolas en sustratos cuyas dimensiones se encuentran en 
escalas de milímetros o centímetros cuadrados. 
 
En el caso del análisis de reacciones en flujo continuo, en la literatura se ha 
observado una proliferación de trabajos relativos a este tema a partir del año 
2000.5b En el caso que nos atañe, se pueden destacar los trabajos donde se han 
utilizado sensores integrados (como micro electrodos),40 un analizador de 
espectroscopia UV-Visible41 o espectroscopia de fluorescencia42 directamente 
acoplado al microreactor, espectrometría masas (ESI-MS),43 espectrometría 
infrarroja (IR) 44 o Raman,37, 45 y alguna técnica un poco más inusual.46 
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Como no podía ser de otra manera, la espectroscopia de Resonancia Magnética 
Nuclear (RMN) también se ha acoplado a microreactores.47 La utilización de esta 
técnica se ha estudiado desde multitud de aspectos, intentando entre otras cosas 
mejorar el coste y la sensibilidad de ésta respecto al resto de técnicas. 
 
1.2.3 ¿Por qué RMN?  
 
Entre todas las técnicas comentadas anteriormente, se puede afirmar con cierta 
confianza, que la RMN es, además de una de las técnicas más modernas (con 
apenas 60 años), la más versátil en cuanto a la cantidad y calidad de la 
información. Se puede decir que, a día de hoy, la RMN se ha convertido en una de 
las técnicas de uso más extendido dentro de la Química, principalmente por las 
posibilidad de aplicación en diversos campos, desde la elucidación de estructuras 
(bio)moleculares hasta campos tan distintos como la medicina. La sencillez en la 
preparación de la muestra, el que sea una técnica no invasiva, y que se pueda 
recuperar las muestras también contribuye enormemente a ampliar el campo de 
aplicación. La comunidad científica ha reconocido ampliamente la importancia e 
impacto de la espectroscopia de RMN, como se ha visto reflejado en la concesión 
de varios premios Nobel a la aplicación de la RMN en distintos ámbitos (Rabi en 
1944, Bloch y Purcell en 1952 en el campo de Física, Ernst en 1991 y Wütrich en 
2002 en Química, y Lauterbur y Mansfield en 2003 en Fisiología y Medicina). 
 
De forma muy general, la RMN se produce debido a un proceso cuántico. En un 
modelo ideal, un núcleo con un espín nuclear distinto de cero (I = 1/2, en el 
protón) interacciona con un campo magnético externo y genera dos estados 
energéticos, α (nivel más bajo en energía) y β (nivel más alto) (efecto Zeeman). La 
señal es detectada en un espectrómetro de RMN y procesada hasta la forma final 
de un espectro de RMN. (Figura 1.8.) 

!
Figura 1.8. Esquema de las partes de un espectrómetro de RMN. 

La RMN moderna, requiere que todo esto se efectúe en unos pocos microsegundos 
correspondiente, a lo que dura la ejecución de una secuencia de pulsos. Ésta es una 
distribución en el tiempo de alguno o varios de los siguientes elementos: 1) un 
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pulso de radiofrecuencia (pw: campo magnético B1 adicional aplicado a lo largo de 
un eje, situado en el plano xy, durante un tiempo limitado) que afecta a uno o más 
núcleos, 2) tiempo de espera (d1), para que el sistema evolucione de una 
determinada forma; estos tiempos de espera pueden ser fijos o variables si su 
duración se va aumentando a medida que se repite el experimento, y 3) una etapa 
final en la que se adquiere la FID (Fourier Transformation Decay, tiempo de 
adquisición, adquisition time, at) (Figura 1.9.). 

 
Figura 1.9. Secuencia de pulsos básica para un experimento mono dimensional. 

Las partes más importantes de un espectrómetro de RMN son las siguientes: 
 

− Imán superconductor: es la parte más costosa y el elemento básico, ya que 
el campo magnético B0 generado por el imán es el encargado de eliminar la 
degeneración de los niveles de energía del spin nuclear. Actualmente, la 
mayoría de los imanes son superconductores, su bobina está construida con 
espiras de diferentes aleaciones (NbTi, Nb3Sn) embebidas en una matriz de 
cobre que presenta una resistencia casi nula cuando se enfrían a 
temperaturas cercanas al cero absoluto.  

− Bobinas de homogeneidad de campo: el imán superconductor tiene espiras 
superconductoras adicionales (crio-shims) que producen gradientes 
específicos de campo magnético usados para mejorar la homogeneidad de 
la bobina principal, corrigiendo grandes inhomogeneidades de campo. Las 
corrientes de estas bobinas se establecen en el momento de la instalación 
del espectrómetro y normalmente no se modifican posteriormente. La 
homogeneidad de un espectrómetro de RMN de alta resolución sólo puede 
alcanzarse con estas bobinas, ya que cada una de ellas produce 
correcciones del campo en determinadas direcciones del espacio.  

− Sonda: es la segunda parte más importante del espectrómetro, y se puede 
decir que la versatilidad de un equipo de RMN depende de la diversidad de 
sondas disponibles. En la sonda es donde queda colocado el tubo de 
muestra y es la parte del espectrómetro encargada de mandar la 
radiofrecuencia (RF) y detectar la señal que proviene de la muestra. 
Contiene la bobina de RF para la transmisión-recepción, las bobinas del 
canal de estabilización (lock) y las bobinas de los gradientes. Además, 
contiene la unidad para el giro de la muestra y el circuito para el control 
de la temperatura. 

− Bobina de radiofrecuencia: la cual actúa como una antena, por una parte, 
transmitiendo los pulsos de radiofrecuencia de las secuencias de pulsos (el 
campo magnético B1 que rota la magnetización neta), y por otra, 
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detectando la respuesta de los spines nucleares a los pulsos de RF. La 
mayoría de las bobinas de RF en los espectrómetros de RMN de líquidos 
son de tipo Helmholtz, siendo capaces de producir un campo B1 bastante 
homogéneo en el volumen cilíndrico de la muestra. 

 
Sin embargo, a pesar de todas sus ventajas, comparada con el resto de técnicas, la 
RMN no se perfila como la técnica más adecuada en la monitorización de 
reacciones debido a su peor sensibilidad.48 En apartados sucesivos se desarrollaran 
los avances que se están produciendo con objetivo de mejorar la sensibilidad, 
centrándonos en la adaptación del sistema de RMN para la monitorización de 
reacciones microfluídicas con un sistema de microbobinas de RMN en flujo 
continuo.  
 
1.2.4 Estrategias de mejora de la sensibilidad en RMN 

 
El hecho de que RMN sea la técnica con menor sensibilidad con respecto al resto 
de técnicas analíticas, no ha impedido que se desarrollen trabajos donde se 
analizan muestras de cantidad limitada (caracterización e identificación de 
productos naturales, análisis de metabolitos, procesos Lab-on-a-Chip). En los 
últimos años, una parte de la investigación en RMN se ha centrado en intentar 
mejorar la sensibilidad intrínseca de esta técnica. Para entender mejor el porqué de 
la falta de sensibilidad de esta técnica, debemos comprender de donde proviene. De 
forma muy simplificada, la señal de RMN es proporcional a la diferencia de 
población entre los diferentes niveles del espín nuclear (Nα y Nβ, originadas por el 
efecto Zeeman, comentado anteriormente) y que se puede describir mediante la 
ecuación de Boltzmann, 

  
 

donde ∆E es la diferencia de energía entre dos niveles energéticos, h es la 
constante de Planck (ħ = h/2π), γ es radio giromagnético del núcleo observado, B0 
es la fuerza del campo magnético aplicado, k es la constante de Boltzmann, y T es 
la temperatura. La mala sensibilidad de RMN se debe a la pequeña diferencia de 
energía que se observan entre las poblaciones de los niveles Zeeman. En la práctica 
esta diferencia de población depende del campo magnético aplicado, si el campo 
magnético es bajo, la diferencia en la población es pequeña porque la diferencia de 
energía entre ambos niveles también es pequeña, lo que provoca un problema de 
sensibilidad. Con campos magnéticos altos, la diferencia energética entre niveles es 
grande lo que da lugar a una diferencia de población alta, obteniéndose una mayor 
sensibilidad. Una forma de cuantificar la sensibilidad en RMN viene dada por la 
relación señal-ruido (SNR); ésta se define como, 
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Basándonos en esta ecuación, para mejorar la sensibilidad de RMN, deben mejorar 
los términos relacionados con la intensidad del campo magnético (B1); con la 
temperatura, para disminuir el término relacionado con el ruido térmico; o con el 
diámetro de la bobina de detección, dbobina. Varios de los avances que se han 
producido por mejorar de la sensibilidad se dirigen en ese sentido. La utilización de 
sistemas de RMN con altos campos magnéticos es relativamente conocida; en 2009 
se terminó de instalar el primer equipo de 23.5 Teslas (correspondiente con una 
frecuencia de precesión de Larmor de protón de 1 GHz) en el Centre de Résonance 
Magnétique Nucléaireà Très Hauts Champs en Lyon, Francia; sin embargo, esta 
aproximación conlleva un alto grado de dificultad técnica y se encuentra en el 
límite de aportar mejoras considerables.49 También, se ha trabajado en la 
implementación de sondas criogénicas, o crio-sondas, donde la sensibilidad se ve 
mejorada por la reducción del ruido térmico al enfriar las bobinas y 
preamplificadores a unas temperaturas de 20 K.50 Otra de las aproximaciones se 
centra en el uso de técnicas de hiperpolarización, DNP (Dynamic Nuclear 
Polarization), consiguiendo así incrementar la diferencia de población entre los 
niveles de Zeeman.51 Existen otras aproximaciones algo más “exóticas”, centrándose 
principalmente en la detección óptica,52 detección remota,53 o travelling-wave 
NMR.54 
 
Como último ejemplo en cuanto a la mejora de la sensibilidad de la RMN, se 
encuentra la utilización de microbobinas. Esta aproximación se basa en que la SNR 
es inversamente proporcional a la raíz cuadrada del radio de la bobina de 
detección. Además, es la aproximación más “intuitiva”, pues parece lógico que en el 
caso de tratar con muestras de masa limitada, deban medirse con sistemas donde 
las dimensiones de muestra y bobina de detección no sean muy dispares.39a, 48, 55 
 
1.2.5 Tipos de Microbobinas 

 
La geometría típica de una bobina en una sonda de RMN convencional es del tipo 
saddle (Figura 1.10.). Esta bobina genera un campo magnético muy homogéneo en 
la dirección perpendicular al campo B1. Sin embargo, esta geometría saddle, no se 
puede miniaturizar fácilmente, lo que ha hecho necesario que se desarrollen otro 
tipo de geometrías que hiciesen factible la aplicación de RMN a pequeña escala. 
Las tres geometrías recogidas en la literatura son: solenoides, plano circulares, y las 
del tipo de línea de transmisión (microslot ó striplines). 

 
Figura 1.10. Posible geometrías de microbobinas de Resonancia Magnética Nuclear. 
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El uso de las microbobinas de RMN combinadas con la manipulación de 
microfluídos es una aproximación bastante útil a la hora de la mejora de la 
sensibilidad.39a, 56 Los parámetros más importantes56 a tener en cuenta cuando se 
trabaja con microbobinas son:  

i. Factor de observación: se define como la fracción de muestra bajo la 
bobina,  

                                   
donde Vobs es el volumen de muestra observado y Vtotal es el volumen de 
muestra en la sonda.  

ii. Factor de llenado: es la fracción de volumen observada dentro de la 
microbobina que puede ser ocupada por la muestra.  

iii. Sensibilidad: es en gran parte una medida del funcionamiento de una 
microbobina una vez la muestra está colocada en el Vobs. Esta se expresa 
en términos de SNR. La sensibilidad, una vez definida por un conjunto de 
condiciones optimizadas, es muy importante para las comparaciones 
analíticas. Dentro de este parámetro, tenemos que diferenciar la 
sensibilidad a la concentración y a la masa, siendo ésta una medida de la 
precisión en la detección de la concentración y masa mínima detectable en 
un solo tránsito,  

                                    
donde C es la concentración seleccionada de la muestra en el volumen 
observado. 

                                  
siendo mobs la masa o moles de muestra en el volumen observado.  

iv. Límites de detección (LOD) en una microbobina: se definen como la 
mínima concentración y masa de muestra necesaria para obtener una SNR 
de 3 en una sola adquisición (número de tránsitos = 1), 

                        
v. Resolución espectral (Δν): viene determinada por la homogeneidad del 

campo magnético en el volumen de muestra y se mide por la anchura a 
media altura de una señal de RMN concreta.  

 
A continuación, definiremos brevemente cada una de las diferentes microbobinas, 
destacando sus ventajas e inconvenientes. 
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1.2.5.1 Microsolenoides 
 

Las microbobinas de tipo solenoide se basan en un alambre de cobre enrollado de 
forma helicoidal alrededor del contenedor de la muestra que generalmente es un 
capilar (Figura 1.11.). Esta geometría produce un campo magnético homogéneo, ya 
que la bobina se adapta a la forma y tamaño del contenedor de la muestra, 
consiguiendo un buen factor de llenado.48, 57 

 
Figura 1.11. Microbobina solenoide enrollada en un capilar de vidrio. 

La aplicación de estas bobinas ha sido amplia,58 siendo utilizadas, no solo en RMN 
(tanto en estado líquido como sólido), sino también en campos como la Resonancia 
Paramagnética Electrónica y Resonancia Magnética de Imagen; además, se han 
acoplado a otras técnicas de separación como la Cromatografía Líquida y 
Electroforesis.59 Sin embargo, uno de los principales inconvenientes de estas 
microbobinas se debe a la dificultad de la fabricación de la misma en muy 
pequeñas dimensiones.60 

 
1.2.5.2 Microbobinas plano circulares  

 
Las microbobinas plano circulares poseen la zona de detección justamente debajo 
de la bobina (2ri - Figura 1.12.). En estas microbobinas, se ha determinado que 
para un volumen de muestra dado y radio interno de la bobina (ri), la relación 
señal-ruido depende de parámetros geométricos de la misma como, el número de 
vueltas (N), la separación entre vueltas (s), el espesor (h) y la anchura (w) del hilo 
que forma la microbobina (Figura 1.12.).61 Al aumentar el número de vueltas 
puede aumentar el campo producido por la bobina, pero también dará lugar a otra 
serie de efectos negativos. Para minimizar estos inconvenientes, se puede optimizar 
la geometría mediante una serie de simulaciones usando un software denominado 
Finite Element (FEM) simulations.62 

!
Figura 1.12. Izqda.: Vista transversal de una microbobina plana en un sustrato de vidrio. Dcha.: vista 

frontal de una microbobina en un sustratos de vidrio. 

Estas microbobinas planas se pueden integrar con gran facilidad mediante técnicas 
fotolitográficas en chips microfluídicos (también llamados microreactores, pag. 39) 
(Figura 1.13.), permitiendo su uso en espectrómetros de alta resolución y 
obteniendo sensibilidades similares a otras microbobinas. La resolución espectral 
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está limitada por la falta de coincidencia entre la susceptibilidad de los materiales 
del chip y la muestra, pero aun asi se consiguen anchuras de línea buenas. 

 
Figura 1.13. Integración de una microbobina plana en un microchip: (A) vista desde arriba, (B) vista en 

sección transversal, y (C) vista del ensamblaje. 

Estas microbobinas han sido las utilizadas por Gómez y colaboradores en nuestro 
grupo de investigación a la hora de realizar la monitorización de procesos en flujo 
continuo y bajo irradiación microondas;47b y en la detección de una gran variedad 
de núcleos, la adquisición de espectros mono- y multidimensionales, homo- y 
heteronucleares, con una sola bobina de radiofrecuencia en modo no-resonante47c. 
(Figura 1.14.) 

 
Figure 1.14. Espectros monodimensionales de siete núcleos diferentes obtenidos con una sola bobina en 

modo no resonante. 

1.2.5.3 Microslot 
 

Las microbobinas microslot se han utilizado recientemente en sondas de RMN 
convencionales (Figura 1.15.).63 Las líneas de campo en las proximidades de una 
microbobina microslot son más homogéneas que en bobinas espirales planas o 
solenoides. La buena sensibilidad de la microslot también se demostró comparando 
espectros 1D y 2D con una sonda convencional de 5 mm. 

 
Figura 1.15. Izqda.: Circuito de una sonda con una microbobina microslot. Centro: Modelo de circuito 

eléctrico. Dcha.: Microbobina microslot fabricada con láser excímero de 248 nm. 
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1.2.5.4 Stripline 
 
Con las microbobinas stripline apareció una nueva forma de análisis de RMN 
integrado en un chip (Figura 1.16.).64 En estas, las líneas de campo magnético son 
paralelas a la superficie del stripline, lo que se traduce en un ligero aumento en el 
volumen de detección efectivo donde la muestra se encuentra, con un campo 
magnético homogéneo y menos pérdidas eléctricas. Las pruebas preliminares de 
muestras sólidas y líquidas a 600 MHz confirmaron su versatilidad como 
herramienta de RMN (Δν < 1 Hz para una muestra de 600 nL de etanol puro).65  

   
Figura 1.16. Izqda.: Diseño de una microbobina stripline. Dcha: Espectro de 1H RMN de 600 nmol de 

sacarosa en D2O. 

Actualmente estas microbobinas se están empleando en experimentos de 
hiperpolarización de muestras, como alternativa para un aumento adicional de la 
sensibilidad de RMN.66 

  
  

interest divided by 2 times the root-mean-square of the noise) for
the anomeric proton of sucrose was 189. The nLODm was calcu-
lated to be 22.3 nmol!

p
s. Since the measurements were performed

on a 600 MHz system, scaling was not necessary. To compare this
number with the results of Krojanski et al. [15], who reports an
nLODm of 0.39 nmol!

p
s for 10.6 nL, our nLODm was scaled to the

same volume of 10.6 nL (57 times smaller). Decreasing the sample
volume with a factor of 57 gives a sensitivity increase [27] of 57(1/3)

yielding an nLODm of 5.8 nmol!
p

s. Again, this lower sensitivity is
attributed to the substrate-induced losses and the non-optimized
filling factor.

2.4. Shimming and resolution

From the linewidth broadening simulations discussed above, it
was predicted that our design could exhibit a linewidth of <0.5 Hz.
In these simulations, the susceptibility distortions of the probe
housing were not taken into account. These distortions, caused
by the materials used for the probe were expected to be easily
compensated with the standard shim set. However, the applicabil-
ity of the standard shim set is rather limited for the tiny samples
handled on chip. Because the chip-induced distortions were con-
centrated in a very small volume, extremely accurate settings for
higher order shims were demanded. It was indeed observed that
sharp lines are easily obtained by coarse settings of Z1, Z2, X and
Y shims. Fig. 10 shows the spectrum of pure isopropanol after
5 min shimming. The J-multiplets are clearly resolved, and a line-
width of 1.9 Hz is measured. For an as perfect as possible shim,
which required careful and long time shimming, a linewidth of
0.7 Hz (1.2 ppb) for pure ethanol was achieved (Fig. 10, inset)
which is close to the simulation results for this geometry, dis-
cussed above.

2.5. rf-strength

Although not of interest for proton NMR, the fact that microcoils
can generate extremely high rf fields has a great potential for
obtaining spectra of other nuclei with resonance lines that are dis-
persed over a bandwidth of several megahertz. Full excitation of
such a spin system requires high rf-fields. The rf-strength as com-
puted with the nutation data discussed above was 36 kHz at a
source power of 5 Watt. This is in very good agreement with a sim-
ple model based on Ampere’s law to predict the field strength
around the strip combined with the experimentally determined
Q-factor, giving an rf-strength of 35 kHz. Since the stripline is built

on a pure silicon substrate which is an excellent heat conductor,
wider bandwidths (associated with higher powers) are readily
accessible [12].

3. 2D spectroscopy

The 2D data acquisition ability of our detector (which relies on a
good rf-homogeneity) was demonstrated with homo-nuclear pro-
ton Correlation Spectroscopy (1H–1H COSY). For this experiment,
a 2 M glucose solution in D2O was prepared and loaded in the chip,
such that the complete channel was filled. Fig. 12 shows the 1D
and 2D plots as recorded with the stripline chip. All the expected
resonance peaks and off-diagonal correlation peaks were clearly
distinguishable with minimal phase cycling (4").

This picture demonstrates that all parameters for high perfor-
mance 2D NMR are at a proper level, and with that the chip (with-
out special plug-flow operation) is applicable for the elucidation of
complex molecules, from which the structure cannot be unravelled
with 1D experiments.

4. Discussion

It was found that the stripline geometry can be modelled in de-
tail and an optimization towards required sensitivity, good B1-
homogeneity and ultimate resolution is possible. Moreover, the
experimental results are in excellent agreement with simulations,
which implies that optimization for other sample sizes or geome-
tries is straightforward. The implementation based on two sub-
strates has turned out to be a useful platform for the evaluation
of the stripline performance for NMR detection.

The stripline chip was based on a k/2 resonator. The advantage
of a k/2 geometry is that it is a contactless resonator, preventing
loss problems associated with contact resistance. Since the wave-
length at 600 MHz is rather long (0.5 m in air and 0.33 m on a
low-loss substrate like PTFE), we chose silicon as a substrate for
its high e (11.9). Apart from that, silicon yields the possibility to
implement extra functionality like (CMOS) pre-amplifiers.

Fig. 11. Single scan unapodized 1H-spectrum of 600 nmol Sucrose in D2O. Pulse
delay: 3 s; Water suppression by pre-saturation: 1.5 s at a power of 1 lW (-16 dB);
90! pulse: 3.7 ls at a power of 5 W (53 dB); acquisition time: 1 s; spectral width:
1.5 kHz. Total time per scan: 5.5 s. The SNR of the anomeric proton doublet was 189.
The insets show details of the spectrum which indicate the superior resolution.
Small J-couplings of 3.67 Hz are clearly resolved.

Fig. 12. Two-dimensional 1H-1H COSY spectrum of 1.2 lmol 13C-labeled Glucose
solution in D2O (2 M in 600 nL), obtained with the stripline probe. 1024 T1
increments with minimal phase cycling of 4 scans were taken. Acquisition time per
scan was 2 s, and the pulse delay 10 s. The total measurement time was 13.6 h.

182 J. Bart et al. / Journal of Magnetic Resonance 201 (2009) 175–185
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Técnicas de activación de reacciones químicas:  
Química convencional, Química microondas, Fotoquímica, 

Química en flujo/microfluídos y/o métodos acoplados. 
Fundamentos y uso 

 
 

El papel de la síntesis química sigue siendo fundamental para el desarrollo de 
nuestra sociedad. Los químicos hemos demostrado una capacidad de desarrollar 
moléculas cada vez más complejas, gracias en gran parte al desarrollo y 
comprensión de los fundamentos que rigen los procesos químicos (ya sean mediante 
aspectos teóricos o prácticos…). Se puede incluso afirmar que, actualmente, se 
puede sintetizar casi cualquier molécula que se conciba, siempre teniendo en cuenta 
los recursos y tiempo necesarios. 
 
Sin embargo, a pesar de todos los avances que se han realizado en el campo de la 
síntesis química, el aspecto más “físico” de la síntesis, es decir, la forma de trabajo 
y las formas de activar las reacciones, no han sufrido cambios relevantes en los 
últimos dos siglos.67 Existen algunos trabajos en la literatura68 que plantean si una 
síntesis con mas de 25 pasos es realmente eficiente a la hora de obtener un 
determinado compuesto, y se aboga por una mayor innovación de la síntesis, así 
como por el uso de tecnologías alternativas que permitan introducir mejoras como 
la disminución del tiempo, energía, consecución de procesos más limpios y mejora 
en el escalado, entre otros. Dentro de estas metodologías cabe destacar las 
microondas, la fotoquímica, la química en flujo y/o las diferentes combinaciones de 
estas técnicas. 
 
Todas estas tecnologías están englobadas dentro de los principios de la Química 
Sostenible,69 haciendo un uso más racional de los recursos necesarios en la 
realización de las reacciones que abordamos, consiguiendo procesos más limpios y 
minimizando residuos.  

 
1.3.1 Química Microondas. Ventajas e inconvenientes. 

 
La introducción de los microondas en el campo de la síntesis química se describió 
hace poco más de 25 años. Actualmente, esta metodología ha madurado pasando 
de ser una mera curiosidad en los laboratorios de investigación hasta ser una 
técnica establecida, siendo utilizada principalmente en los centros académicos, y, 
estableciéndose poco a poco en el sector industrial. A continuación, se abordaran 
de forma breve los fundamentos y las ventajas de esta tecnología de calefacción 
(estos aspectos se encuentran recogidos en la literatura más especializada).70 
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1.3.1.1 Fundamento 
 

Se denomina microondas a las ondas electromagnéticas situadas entre 0.3 y 300 
GHz en el espectro electromagnético, con longitudes de onda comprendidas entre 1 
m y 1 cm, respectivamente. Establecido por consenso internacional,71 los 
microondas  para uso comercial y/o laboratorio sólo pueden trabajar a 
determinadas frecuencias a fin de evitar interferencias con sistemas de 
comunicación y con otros equipos que utilizan la irradiación microondas.71c La 
energía de la radiación microondas es muy baja, comparadas con otros tipos de 
activación, siendo aproximadamente de 0.0016 eV a 2.45GHz, por tanto no es 
capaz de romper enlaces químicos, por lo que las microondas no pueden “inducir” 
reacciones químicas por sí mismas. 
 
Tradicionalmente, la síntesis orgánica se ha llevado a cabo mediante calefacción 
por conducción con una fuente de calor externa, existiendo poca efectividad en 
calefacción de la muestra. Por el contrario, la calefacción microondas es dieléctrica 
y produce un calentamiento volumétrico y selectivo de las muestras. (Figura 1.17.) 

 
Figura 1.17. Diferencia de gradientes de temperatura. Izq.: Gradiente de temperaturas obtenido por 

irradiación MO. Dcha.: Gradiente de temperaturas obtenido por calefacción clásica. 

El calentamiento de cada material (disolvente o reactivo) depende de su capacidad 
específica de absorber dicha energía electromagnética y la conversión de ésta en 
calor.  Los dos mecanismos principales por los cuales la componente eléctrica de la 
radiación microondas interacciona con la materia son: la polarización o rotación 
dipolar, y la conducción iónica. En el caso de la rotación dipolar se explica por las 
fricciones moleculares entre los dipolos cuando éstos intentan orientarse con el 
campo electromagnético oscilante, produciéndose como consecuencia de todo ello el 
calentamiento del material. Por el contrario, el mecanismo de conducción iónica, 
implica que el calentamiento se produce debido a la oscilación de las partículas 
cargadas disueltas (iones) con el campo electromagnético provocando colisiones con 
los átomos o moléculas vecinas.  
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1.3.1.2 Ventajas e inconvenientes 
 

Dado que existen diferencias notables en la forma de suministrar energía a las 
muestras, la radiación microondas posee una serie de ventajas intrínsecas: 

 
− Los perfiles de calefacción son mucho más rápidos con microondas que con 

calefacción convencional. Esto es debido, principalmente, a las propiedades 
dieléctricas de las muestras y a la interacción onda-materia. 

− Se consigue una disminución efectiva en los tiempos de reacción, lo que 
conlleva que se obtengan crudos de reacción más limpios, minimizando la 
formación de productos secundarios y evitando la degradación de los 
compuestos y/o catalizadores y aumentando los rendimientos . 

− Tanto los reactivos químicos y los demás componentes de la mezcla de 
reacción absorben de forma diferente la radiación microondas, de forma 
que se produce una calefacción selectiva. 

− Debido a las altas velocidades de calefacción, se puede trabajar a 
temperaturas superiores que las temperaturas de ebullición de los 
diferentes disolventes cuando se trabaja con sistemas cerrados. 

− El consumo energético de las reacciones es favorable en las reacciones 
inducidas por microondas, fundamentalmente debido a sus menores 
tiempos de reacción y potencias utilizadas. 

 
En cuanto a los inconvenientes relacionados con el uso de la irradiación 
microondas, se pueden destacar las siguientes:  

 
− En muestras sólidas, la velocidad de transferencia de energía es menor, por 

lo que el control de la temperatura y la generación de puntos calientes son 
parámetros a controlar durante el transcurso de la reacción. 

− Es necesario una instrumentación relativamente cara. 
− Existen problemas de escalabilidad y reproducibilidad para escalas de 

trabajo diferentes a las usadas en el laboratorio. 
 
Este último inconveniente puede ser uno de los mayores problemas de la 
irradiación microondas, y en ciertos casos la razón de la escasa aplicación de ésta 
fuera del ambiente puramente académico. Además, parece que el último paso en la 
mejora de la escalabilidad está fuera del alcance de los reactores microondas 
convencionales, principalmente debido a la restricción en la penetración de la onda 
electromagnética en volúmenes grandes, dificultando así la adsorción de la 
irradiación por parte de los materiales y sustancias. A pesar de esta limitación, los 
méritos de la síntesis bajo irradiación microondas no son pocos. En los últimos 
años se ha producido un gran avance en la mejora de la escalabilidad,70b pasando 
de escalas de miligramos a multigramos.  
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Si bien las ventajas de la irradiación microondas están probadas, existe una 
controversia a la hora de explicar el porqué de las mejoras de la irradiación 
microondas, llegando a ser un punto conflictivo entre los investigadores que 
trabajan en este ámbito.72  
 
1.3.2 Fotoquímica. Ventajas e inconvenientes. 

 
La fotoquímica es otra de las posibles formas de activar las reacciones químicas, 
haciendo uso de otra zona del espectro electromagnético. La fotoquímica constituye 
el estudio de las interacciones entre átomos y/o moléculas pequeñas con la luz. El 
uso de la luz como fuente de energía, y como agente de cambio químico, permite 
que las condiciones de reacción sean suaves y es, sin duda, una materia prima 
sostenible, al menos durante los próximos 1000 millones de años.73 

 
1.3.2.1 Fundamento 

 
En esta técnica se usa una radiación de un amplio rango del espectro 
electromagnético, trabajando en dos regiones clave: la zona del espectro de la luz 
visible (400-700 nm) y luz ultravioleta (100-400 nm). Estas zonas coinciden, en la 
mayoría de las ocasiones, con las zonas de adsorción electrónica de las moléculas 
orgánicas. 
 
El uso de la luz ultravioleta para llevar a cabo reacciones de formación de enlaces 
en química orgánica sintética se remonta a mediados del siglo XIX. La fotoquímica 
se rige mediante dos principios: la primera ley de la fotoquímica, denominada como 
activación fotoquímica y también conocida como la ley de Grotthus-Draper,74 que 
establece que la luz debe ser absorbida por una sustancia química para que dé 
lugar a una reacción fotoquímica. Por otra parte, la segunda ley de la fotoquímica, 
también conocida como de Stark-Einstein o ley de la equivalencia fotoquímica,75 
postula que por cada fotón de luz absorbido por un sistema químico, solamente 
una molécula es activada para una reacción fotoquímica.  
 
Para que una reacción fotoquímica ocurra se postula que una molécula en estado 
fundamental debe absorber un fotón de luz de suficiente energía como para pasar a 
un estado electrónico excitado. Una vez absorbida la energía, el sistema puede 
relajar mediante diferentes procesos. Por ejemplo, la molécula puede relajar 
pasando por sus estados vibraciones regresando al estado fundamental. También 
existe la posibilidad de relajar emitiendo radiación, dependiendo de las transiciones 
electrónicas, colisiones con electrones, etc., encontrándonos así ante los procesos de 
fluorescencia, fosforescencia y quimioluminiscencia entre otros. (Figura 1.18.) 
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Figura 1.18. Diagrama de Jablonski de los procesos fotoluminiscentes. 

1.3.2.2 Ventajas e inconvenientes 
 

Las ventajas fundamentales de las reacciones fotoquímicas aplicadas a la síntesis 
orgánica76 son: simplificación de procesos sínteticos con varias etapas, activación 
química de los sustratos, disminución significativa del factor E. (relación entre 
residuos y productos deseados68d), e incremento de la eficiencia atómica.77 

 
Figura 1.19. Reactor de fotoquímica inmersión-Wells. 

Sin embargo, existen aspectos negativos en el uso de la fotoquímica en síntesis 
orgánica que han evitado una implantación más amplia de la fotoquímica entre la 
comunidad científica. Esta implantación ha tenido como mayor exponente el 
fotoreactor de inmersión-Wells, el cual durante más de medio siglo ha sido el 
aparato más fiable para trabajar en fotoquímica a escala de laboratorio (Figura 
1.19.). Un aspecto muy importante (incluso primordial) es la seguridad, debido a 
que las lámparas de mercurio de media presión (las de mayor uso en la mayoría de 
reacciones fotoquímicas observadas) operan de manera óptima alrededor de 600°C, 
además de emitir radiación UV potencialmente perjudicial.  
 
Por otra parte, y de nuevo, tal y como le ocurría a la irradiación microondas, la 
baja penetración de la luz en las muestras dificulta el escalado. En el caso de la  
fotoquímica, cuando nos encontramos en disolución, la penetración se encuentra 
limitada por la absorción del soporte y decae rápidamente con la distancia de la 
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lámpara. Esencialmente, el volumen de reacción más cercano a la fuente de 
irradiación “protege” la mayor parte de la disolución de los rayos UV. Este efecto 
se amplifica con la concentración de la disolución (Figura 1.20.). 

 
Figura 1.20. Aplicación de la ley de Lambert-Beer en disolución. 

Cuando la escala de reacción se aumenta, a menudo se observan reacciones 
incompletas, sobreirradiación del producto y formación de productos secundarios.  
 
1.3.3 Química en Flujo y Microfluídos 
 
En los apartados anteriores hemos comentado las formas de activación alternativas 
de las reacciones químicas: la irradiación microondas y la irradiación luminosa (UV 
y/o visible generalmente). Sin embargo, a pesar de las ventajas aportadas por estas 
técnicas: selectividad y reactividad mejorada, diminución de los tiempos de 
reacción y acceso a nuevas rutas sintéticas que antes no se podían explorar, ambas 
técnicas poseen la misma debilidad: la fase de escalado. Esta es la razón por la que 
no se han establecido de una forma más amplia en el ambiente industrial. 
 
Para solventar este problema, diversos grupos de investigación están trabajando y 
poniendo a punto ambas técnicas de trabajo, la irradiación microondas78 y la 
fotoquímica,79 en combinación con técnicas de flujo continuo. Esto supone una 
mejora significativa a la hora de realizar las reacciones. Además, comparado con 
una situación de monitorización off-line, el trabajo en flujo continuo permite el 
acoplamiento de estas técnicas con métodos de detección. Esto nos permitirá, no 
sólo conservar las ventajas inherentes de las diferentes formas de activación, como 
las microondas y la fotoquímica, consiguiendo solventar los inconvenientes del 
escalado y el control de la temperatura anteriormente comentados, sino también 
conseguir la monitorización de reacciones empleando cantidades mucho menores, al 
permitir el acoplamiento con diferentes técnicas analíticas. 
 
Aunque se ha postulado que el “venerado” matraz de fondo redondo seria “jubilado” 
por los reactores de flujo,80 a día de hoy la respuesta no esta tan clara, aunque casi 
todo el mundo coincide que “depende del proceso”. Habrá momentos donde la 
aplicación de la química en flujo tenga sentido y habrá momentos donde el matraz 
siga siendo la mejor solución. 
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Sin pretender realizar un análisis pormenorizado de las aplicaciones de la química 
en flujo,81 realizaremos a continuación una breve exposición de los fundamentos 
básicos de este campo.82 
 
1.3.3.1 Fundamentos 

 
La química en flujo se conoce desde hace décadas.83 siendo la forma de trabajo 
habitual en la industria petrolífera. Sin embargo, su resurgimiento y su aplicación 
en síntesis química se ha producido en los últimos 10-12 años, a raíz de la 
disponibilidad de sistemas comerciales de flujo para el uso en laboratorios de 
química.84 Fundamentalmente, la química en flujo se centra en manipular y/o 
controlar fluidos geométricamente confinados en entornos con diferentes 
dimensiones internas, y dependiendo de la escala de la que estemos hablando, se 
podrán distinguir diferentes tipos de flujo: 

 
− escala micro o microfluídos, donde los canales son del tamaño de 

micrómetros. En esta escala se suele trabajar con cantidades de pocos 
miligramos hasta unos pocos gramos. 

− meso escala o mesofluidos, donde los canales se encuentran en el rango de 
los milímetros, y las cantidades que se suelen utilizar oscilan entre los 
pocos gramos hasta centenares de gramos. 

− escala kilo o Kilo-flow: los canales varían dependiendo de la aplicación del 
sistema pero pueden superar varios centímetros. La escala de trabajo se 
encuentra en el rango de los kilogramos, una escala cercana a la de una 
planta piloto pequeña. 
 

De manera general, las ventajas del trabajo en flujo se mantienen en todas las 
escalas de trabajo, consiguiendo un control eficaz sobre los parámetros del proceso, 
como presión, temperatura, tiempo y caudal, traduciéndose en mayores 
selectividades, rendimientos y calidad del producto. Sin embargo, en lo que resta 
de la memoria, cuando nos refiramos a la técnica de la química en flujo nos 
referiremos al uso de microreactores.  

 
Las diferencias fundamentales entre los procesos convencionales y los sistemas en 
flujo continuo tienen relación con la estequiometria y el tiempo de reacción. En los 
procesos convencionales, la estequiometria viene definida por la relación molar de 
las sustancias, mientras que en flujo también se debe de tener en cuenta la relación 
de las velocidades de flujo de los diferentes sustratos. En cuanto al tiempo de 
reacción, normalmente se define como el tiempo que se encuentra una muestra a 
una determinada temperatura hasta la conversión total a productos. Sin embargo, 
en flujo continuo este tiempo de reacción viene determinado por el volumen del 
reactor de flujo (Vreactor) y por la velocidad de flujo (vflujo), definiéndose el tiempo 
de residencia como: 
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Bajo condiciones optimizadas, un reactor de flujo continuo puede operar de manera 
continua siempre y cuando se le suministren los reactivos de manera 
ininterrumpida.  
 
1.3.3.2 Ventajas e inconvenientes de los microreactores 
 
Aparte de las ventajas propias del flujo continuo, existen otra serie de ventajas 
propias de los microreactores.43,45 A continuacion, recogeremos las caracteristicas 
más importantes: 

 
1. Los microreactores presentan una elevada relación superficie-volumen. En la 

figura 1.21., se puede observar una mayor superficie (400 cm2 vs 4 cm2) 
como resultado de disponer de un microreactor, en comparación con un 
reactor convencional para un volumen dado,  

 
Figura 1.21. Relación superficial entre las dimensiones de los distintos tipos de reactores. 

2. Además, debido a esta elevada relación superficie-volumen, poseen un 
elevado coeficiente de transferencia de calor. Esto permite calentamientos y 
enfriamientos muy rápidos, y disminuye la cantidad de energía consumida 
por el sistema.85 Es por ello que, los microreactores se pueden utilizar con 
gran éxito para las reacciones químicas rápidas y/o fuertemente exotérmicas 
o endotérmicas.  

3. Muchas reacciones químicas pueden generar más de un producto, 
dependiendo de las condiciones de reacción, normalmente como consecuencia 
del control cinético o control termodinámico.86 Debido a que el régimen en 
flujo continuo da lugar a perfiles de temperatura más estrechos (figura 
1.22.), el grado de control es mayor, lo que hace posible seleccionar un 
producto sobre los demás con gran nivel de precisión.87 

 
Figura 1.22. Origen de la selectividad frente a los perfiles energéticos de cada modo de 

activación. 

t
res

=
V
reactor

v
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(25) 
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Además de la mejora de la selectividad;88 reacciones más selectivas conllevan 
una química más simple y con menor necesidad de procesos de purificación 
que en síntesis convencional. 

4. En condiciones de flujo continuo, el transporte de masa, y difusión de 
reactivos y productos es muy rápido. Esto se suele atribuir al 
comportamiento turbulento de los contenidos en los canales y a la alta 
relación superficie-volumen para el caso particular de microreactores.89 En la 
literatura se describen ejemplos donde se mejoran procesos con respecto a un 
proceso convencional,90 y muchas veces se han justificado en base a una 
“aceleración” producida por el sistema en flujo continuo.91 

5. Estos sistemas resultan muy versátiles en la optimización y uso de 
recursos,92 ya que permiten trabajar con cantidades muy pequeñas o muy 
grandes, simplemente acoplando sistemas de flujo en paralelo y/o 
manteniendo un flujo constante de sustratos. Esta propiedad es sobre la que 
se cimentan las bases de la optimización de procesos químicos; el proceso 
ideal es aquel donde se puede optimizar a pequeña escala, y posteriormente 
conocidas las condiciones óptimas, se escala en paralelo o en sistemas de 
flujo de mayores dimensiones (con un proceso de ajuste mínimo, esas 
condiciones de trabajo se pueden utilizar en sistemas meso o Kilo-flow). 

6. Debido a la posibilidad de trabajar con cantidades mínimas de sustratos, 
estos microreactores se convierten en la técnica ideal para realizar reacciones 
“peligrosas”.93 

 
Sin embargo, esta tecnología no esta exenta de inconvenientes. El principal 
inconveniente es la solubilidad moderada de los sustratos.94 Además, el objetivo, en 
muchos casos, es trabajar en una secuencia de reacciones de forma continua, lo que 
conlleva otra serie de desventajas como son:  

i. se deben compensar las cinéticas de los diferentes pasos de reacción 
(integración de reacciones con diferentes tiempos de reacción…).  

ii. compatibilidad del disolvente en todos los pasos, en caso contrario se 
deben añadir protocolos para el cambio de disolventes.  

iii. necesidad de purificación o pre-tratado de los intermedios de reacción (uso 
de scavengers en línea con el sistema).95  

iv. problemas de dilución de sustratos en los puntos de entrada de nuevos 
sustratos, disminuyendo así la cantidad neta de compuesto obtenido.  

v. monitorización y optimización de cada una de las reacciones. 
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Microfluidics and NMR-microcoils in Organic Chemistry. 
A methodology to determine kinetical data  

and optimize reactions conditions  
 
 
 

t’s arguable, but nowadays, the very first step in performing a chemical reaction 
is to see that it actually works. Once we are positive of the viability of the 

transformation, the next step is to determine which reaction parameters are 
important; knowing the mechanism and, desirably, the kinetics, is also a big step 
forward. I think every Chemist likes having fresh data from a reaction to see the 
trends, optimize times, temperatures, activation methods, etc… but it isn’t always 
easy and/or feasible. Synthetic chemical research is often messy and obtaining good 
experimental data upon which to build mechanisms and/or determining kinetics is 
often challenging. 
 
2.1 Previous work 
 
As we have previously stated in the introduction, NMR spectroscopy is often used 
for the determination of reaction progress. Moreover, in situ reaction progress 
monitoring via NMR tube reactions can be run at variable temperature, allowing 
adjustment of the reaction to a convenient level for observation. Sample preparation 
is very straightforward and although it may allow for the identification of reaction 
intermediates, this type of reaction monitoring is not necessarily a very productive 
process.1 
 

Determination of Kinetics in microreactors 
 
In recent years the use of miniaturised systems, such as microreactors, has 
developed as an effective alternative to study the kinetics of reactions. Direct real-
time systems analysis has allowed the swift extraction of kinetic data. 
 
Focused on the matter of the analysis of kinetic data from flow experiments or 
microreactor-related, Sweedler et al.2 investigated the kinetics of a model reaction, 
D-Xylose and borate to determine parameter via a system of multiple micro 
solenoids coils under continuous flow conditions. However, under these working 
conditions, the flow distortion on the sample made it difficult to extract the data 
from the spectra, which resulted in differences with each of the microcoils. 
 

I 
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Latter on, Garderniers et al.3 also worked on the determination of kinetics in the 
formation of the Schiff base of aniline and benzaldehyde, and although the system 
was only optimized for a low field NMR and the resolution was not optimal, the 
results were improved compared to those obtained in an NMR tube. More recently, 
Gardenier et al. have focused on in-line analysis of reactions via others techniques 
(Mass Spectrometry and micro-NMR Spectroscopy).4 
 
The group of Jensen have also contributed with a wide variety of approaches in the 
determination of kinetics for different reactions, such the Diels-Alder reaction. This 
has been achieved in an fully automated and optimized microchip reactor coupled 
with inline HPLC analysis,5 which also proved powerful enough to be applied to 
multistep reactions,6 and the Paal-Knoor reaction with another fully automated 
React-IR analysis system.7 
 
Furthermore, Prat et al.8 have described a microfluidic system for monitoring the 
transesterification reaction of sunflower oil catalysed by EtONa via Near Infrared 
spectroscopy. This example illustrates how easy it is to obtain high resolution data 
in a timely fashion using reliable, non-contaminating and user-friendly approaches. 
Although it should be noted that this system had the inconvenience that only 
ethanolysis could be performed for these substrates. Further studies are underway to 
expand these results to others oil sources. 
 
Mozharov et al.9 have investigated the use of microreactors and Raman 
spectrometry to extract kinetical data out of a reaction, even when the reactor is 
not transparent or optically accessible. However as the authors themselves 
recognised their method required a step change of the flow rate and hence the data 
was not obtained instantaneous and the exact reaction time is therefore not 
known.9b 
 
One of the most recent examples in the literature has also probed one of the most 
complicated process to monitor: a polymerization process by Raman spectroscopy.10 
It was achieved by means of a co-flow generation system, creating monodisperse 
droplets which were measured, providing values of effective reaction orders and rate 
constants. There are other studies which lay on the limits of this memory, but they 
are still interesting, like the use of Diffusion Oriented Spectroscopy techniques to 
monitor reactions,11 or the introduction of NMR flow optimization in the 
pharmaceutical industry.12 
 
Although not directly related with the determination of kinetic, the microfluidic 
community has seen the merits of in-line monitoring techniques. In this respect, flow 
chemistry has been integrated with microwave heating creating the field of 
Microwave-Assisted Continuous flow Organic Synthesis (MACOS). This 
methodology has overcome the difficulty of microwave scale-up processes due to the 
impossibility of using very large batch reactors, because of the low penetration 
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depth (just a few centimetres) when working at the established microwave frequency 
of 2.45 GHz.13 This emergent field of MACOS has also been linked with different in-
line techniques. Leadbeater et al.14 were among the first to try this approach 
successfully, coupling both a digital camera to see inside a microwave reactor during 
irradiation and a Raman cell to monitor the extent of the reaction (Figure 2.1.). For 
example, Heller et al.15 have used UV-Vis and FTIR to monitor a wide set of 
reactions performed under microwave irradiation. These methods worked very well 
identifying the optimal endpoint of fast microwave-enhanced reactions, since most of 
the pre-treatments necessary for techniques like MS or HPLC could be avoid. 
However, some considerations like removal of solvents, or the adsorption of some 
substrate at a FTIR or UV-Vis unwanted areas had to be considered.  

  
Figure 2.1. a) Observed picture via camera monitored system for the formation of ionic liquid (left).       
b) Raman fibre optic system (centre). c) Insertion of the Raman fibre into the microwave chamber 

(right). 

Although we will cover it in greater detail in the upcoming text, we should also note 
here that commercial and non-commercial microfluidic systems could also be 
coupled with special on-flow NMR microchips, which enable the monitorization of 
either simple reaction,16 or more complex microwave assisted reactions.17 
 

Optimization, synthesis and scale-up of five member rings heterocycles 
 
The logical development in any chemical synthesis once a reaction is working is to 
optimize the conditions and oversee the scalability of the process. In this sense, the 
combination of alternative reaction activating methodologies with continuous flow 
synthesis holds an important place in synthesis. 
 
There is an extensive list of contributions (see Flow Chemistry in Introduction) 
which cover a wide variety of chemical reactions, however, to limit the scope of this 
text, we shall cover only some of the most recent examples of optimization, 
microfluidic synthesis and scale up of a family of five membered ring heterocycles 
with interesting properties (extensively covered in other reviews).18 
 
One of the best examples, in term of optimization processes and translation to a 
scale up procedure was presented by Rutjes et al.19 focussing on the Paal-Knorr 
synthesis of pyrroles (Figure 2.2.). This reaction class is very important both 
academically and industrially since it yields very interesting core structures from a 
single step synthesis. However, this reaction is known to have a serious exothermic 
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character20 and pyrroles, due to their reactivity and sensibility to undergo secondary 
reactions paths, are not the easiest material to work with, consequently flow 
chemistry is highly suited to this reaction. In this work, they demonstrated that 
they could make use of D-optimal algorithms to optimize the reactions at small scale 
and later translate these conditions to a full scale-up approach with larger scale 
microreactors. 

 
Figure 2.2. a) Continuous flow design (left). b) Parallel multi-layered microstructure reactor. 

Internal volume: 9.6 mL (right). 

On the study of flow chemistry and heterocycles, Ley and Baxendale have made 
some very interesting contributions introducing flow technology to explore small 
libraries of heterocycles.21 In these examples, they successfully demonstrated the 
proof-of-concept on the automated (IR in-line monitoring and optimization of the 
reaction parameters included) synthesis of a small library of 4,5-disubstituted 
oxazoles and 1,2,3-triazoles in good yields and high purities (Figure 2.3.). 
Furthermore, they were the first to report the procedure of in-line purification 
methodology of synthetized compounds on-flow with monolithic substrates by use of 
resins or scavengers, obtaining clean reaction products directly from reaction 
streams.22  

 
Figure 2.3. Automated reactor for the flow synthesis of 5-amino-4-cyano-1,2,3-triazoles 

Some other examples of continuous flow synthesis of azoles can be found in 
contributions of Cosford et al.23 who undertook the synthesis of 1,2,4-oxadiazoles 
from readily available materials in drastically reduced reaction times. In addition 
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Watts et al. have made some very interesting contributions to the synthesis of 
azoles (among others) employing electro-osmotic flow (EOF) as the method of 
circulating the reaction fluid.24  
 
Pyrazole and isoxazoles are important heterocycles in the pharmaceuticals industry. 
18b, 25 Academically they are also quite interesting since their synthesis consists of a 
two step concerted process, and so their kinetics is not very well understood. 
 
One example from Garcia-Egido et al.26 demonstrated that a combinatorial 
approach to the synthesis of pyrazoles by means of a Knorr reaction with 1,3-
dicarbonyl compound, could be carried out in a sequential way (Figure 2.4.). The 
reactions were performed with an in-line LC-UV-MS system that also demonstrated 
that the whole library of pyrazole could be synthesized continuously and detected 
consecutively, a proof of concept of the versatility of the microreactor system to 
perform the same reaction at different flow rates to control the reaction time within 
the fluidics reactor chip.  

 

Figure 2.4. Automated micro reactor system, (1) auto sampler, (2) pumping system, (3) dilution system, 
(4) detection system, (5 & 6) analysis system. 

Heller et al.27 also performed the synthesis of pyrazoles, and while it had not been 
conducted under conventional batch conditions, the procedure was interesting since 
it showed that this type of reaction allowed for multi-step reactions, sometimes 
without purification of the starting materials, by obtaining the pyrazoles 
heterocycles from previously inaccessible 1,3-diketones. 
 

Reaction monitorization by NMR microcoils 
 
As we change from the aspect of chemical synthesis to enter the realm of monitoring 
processes, we shall introduce the precedents on the NMR microcoils, since the 
monitorization of microfluidic processes by other analytical techniques, i.e. UV, IR, 
Raman among others has already been described. The development of in-line (flow) 
techniques has increased the value of NMR spectroscopy as a method to investigate 
chemical reactions under process conditions.2 NMR has the potential to provide 
information on structural changes, operating under process conditions without the 
need for a calibration effort, in contrast to optical methods, which also suffer from 
insufficient resolution of different components. Moreover, this technique is widely 
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applicable in an industrial or technical environment, where a “non-invasive” 
analytical technique is desirable, and importantly, it provides both qualitative and 
quantitative information about a reaction, this make it unique in comparison with 
other analytical techniques.28 
 
As we mentioned in the introduction, the intrinsically low-sensitivity of NMR 
spectroscopy can be overcome through the use of microcoils, which enables the 
analysis of small volume samples. Trumbull et al. were the first to introduce the 
combination of a microfluidic chip with NMR.29 Previous application of chip-based 
NMR planar microcoils can be categorised around the differences in the detection 
volumes reported in the literature. An application of planar microcoils integrated 
with microfluidic chips was described by Gardeniers et al.,3 using a system with a 
detection volume of 56 nL, and those from Velders et al. (Figure 2.5. right), with 
volumes of 50 and 6 nL, respectively. In addition, on the first microchip (Figure 2.5., 
left), the reactants had to be injected into the microchip directly via a syringe, while 
a latter NMR-chip generation (Figure 2.5., right), the reactants could be flowed in 
by means of capillary inlets glued directly into the microchips. The improvement in 
sample introduction expanded possible applications by engineering different aspects 
directly into these microchips. 

   
Figure 2.5. First and second generation of NMR-microchip of 56 & 6 nL, from left to right. 

These NMR-chips provided the required sensitivity and resolution to study 
supramolecular interaction at the picomole level.30 In one of the first contribution by 
Velders et al. in this field, it was shown that it was possible to measure the host–
guest interaction of the PF6 anion and α-cyclodextrine, which was then corroborated 
with the results observed in a conventional NMR tube. Moreover, monitoring of 
supramolecular interactions by means of different nuclei (1H or 19F) could also be 
conducted.30a 

In an extension of this prior work, our research group focused on the ability to 
conduct in-line reaction monitoring, the core concept of this chapter. In the previous 
contribution from Velders et al., they described the first example of in-line 
monitoring of microwave reactions, where the detection volume was much smaller 
compared to the microwave flow cell, thus allowing to observe consecutive and 
incremental pieces of the reactive volume which were under different reaction times 
from a single experiment (Figure 2.6., right). This was shown for different 
irradiation times (Figure 2.6., left) providing different reaction conversion for a 
given temperature.17 This work highlighted the possibility of obtaining large 
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amounts of information in very short times and using very small amount of reagents 
and solvents. 

 Figure 2.6. Scheme representing the eight sample portions of the reaction volume exposed to the 
microwave irradiation for different times (0.8, 1.8, 2.8, 3.7, 4.7, 5.7, 6.6, 7.6 min) (right).  

Conversion (%) of the cycloaddition reaction product vs. reaction time for three different temperatures 
(125, 135 and 150ºC). In this figure, each point corresponds to a portion of reaction volume and each 

graph corresponds to a single experiment at a constant temperature (left). 

Furthermore, in a very recent report Velders et al.31 have shown that these 
microcoils can detect a wide variety of nuclei, performing both 1D and 2D, homo- 
and heteronuclear experiments with a single non-resonance microcoil (Figure 2.7.). 

 
Figure 2.7. High-resolution homo- and heteronuclear 2D NMR experiments performed on 18 mg of ethyl 
cinnamate with a single NMR microcoil. The experiments are (a) COSY (b) NOESY (c) coupled HSQC, 
(d) decoupled HSQC and (e) HMBC experiment. Residual solvent (toluene) is indicated by an asterisk. 

To end with the description of the work developed in our research group by 
application of the microfluidic NMR-chip, Dr Juan Ruiz-del Valle has recently 
presented his PhD thesis covering among others objectives, the development of 
several setups for rapid reaction optimization and in-line/in-situ monitoring of 
continuous flow photochemical reactions using a microfluidic NMR-chip.32 This is a 
very interesting achievement, since it has enable us to undertake the study of a 
completely different field, performing reactions under a wide variety of experimental 
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conditions while at the same time monitoring them with the most powerful 
analytical tool possible.  
 
In the following part of the text, I shall introduce the advances in both the analysis 
of reactions via NMR-microcoils and the NMR setup itself, which has been 
developed during the development of this thesis. 
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2.2 Results and discussion 
 

2.2.1 Optimization of an NMR-microfluidic system at 400MHz 
 
During the development of this thesis, our group started to use the third generation 
of microchips (Figure 2.8.), designed in collaboration with Twente University (The 
Netherlands). The two resulting designs were created to improve the microfluids and 
electronic connections, as well as to incorporate a cooling channel, and a twin 
system of microcoils and microconnections in the same device.  

 
Figure 2.8. Microchip (B2, 1.5 x 1.5 cm) with new microfluidics & electronic connexions (left). 
Microchip (B3, 1.5 x 4.5 cm) with two microcoils, reaction channel and cooling channel (right) 

The detection volume within these coils is 25 nL, while on the larger microchips 
(like B3) an additional volume of 10 µL was inserted in case some quenching or in 
situ reaction close to the microcoils was necessary. As an illustrative description of 
the various components of the microchip, we will take chip B3. This microchip has 
two microfluidic connections (inner and outer), from which to liquid can be inserted 
and removed. The third connection is reserved for the cooling channel. The 
microchip connections are made using standard PEEK ferrule and a PEEK nanoport 
via fused silica capillaries (Figure 2.9., right).  
 
As mentioned, this third generation improves the electronic connection compared to 
previous generations, as they do not need to be soldered directly onto the chip 
instead the connection is made via contact with a copper tip (Figure 2.9.), which is 
then connected to the probe’s electric circuit. This approach has had a dramatically 
impact on the life expectancy of these NMR microchips. The microchip is then 
placed in a plastic carrier or slider and inserted into a specifically designed 
aluminium holder. This holder serves a double function, it is a cover to protect the 
microchip and it also enables the microfluidics and electronic connections. From now 
on, this whole system will be referred to as a NMR microchip setup (Figure 2.9.). 
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Figure 2.9. Overview of the main pieces (right); Ferrules, Copper tip & Nanoports (centre); NMR 

microchip setup (right). 

This system is then placed in the upper part of a modified commercial Agilent 
probe. To enable this we stripped the probe of the commercials coils. To safely place 
the NMR microchip in this position, we designed an aluminium holder, which could 
be tightly fixed to the top of the probe. This aluminium holder was designed to 
centre the NMR microchip setup, but also allowing a passage for the electrics wires 
and the capillaries of the system (Figure 2.10.). 

 
Figure 2.10. Overview of the design of the aluminium holder.  

Once the NMR microchip setup is integrated into the NMR probe, with all the 
microfluidic and electronics connections, it is covered by a specially manufactured 
aluminium tube as a protector. Next the unit is placed inside the NMR magnet, the 
microcoil position inside the bore of the superconductive magnet has to be 
optimised. Wensink et al.,3, 33 pioneers in working with this type of microchips, 
insisted that given that the alignment and dimensions of the commercial coil are 
different compared to the microcoils, the system needs to be optimised, both in the z 
and xy axis, to place it as close as possible to the centre of the magnetic field of the 
NMR superconductive magnet, where the magnetic field is more homogeneous and 
intense.  
 
Only after all these parameters were optimised, was the system then ready to be 
tuned and matched to the preferred nuclei, in this case, 400 MHz, for the detection 
of the 1H nuclide. For such purposes, we used both the tuning and matching 
capacitors in the commercial probe, and an external variable capacitor (2-18 pF) 
added and placed close to the NMR microcoil. This matching and tuning system 
works in tandem, one adjusts the impedance of the system (matching) and the other 
one adjust the signal absorption at a certain frequency (tuning) (Figure 2.11.).  
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Figure 2.11. a) Tuning & matching b) External capacitor. 

The resonance frequency of the microcoils was optimised making use of a spectrum 
analyser (SPECTRUM ANALYSER AE-767 from Promax, Figure 2.12.). In the 
screen of this apparatus, we can observe both the frequency and the reflected power 
in which the microcoils are adsorbing while we change the capacitance of the 
system. The objective of this procedure is to modify the frequency and adsorption in 
order to obtain a minimum value for the reflected power at the frequency we want 
to tune the probe (this procedure has to be repeated for each and every one of the 
nuclide we wanted to monitor).  

 
Figure 2.12. The objective is to obtain full absorption at the desired frequency. 

The next step is to optimize the acquisition parameters in order to obtain a good 
SNR in the spectrum. The most important parameters regarding resolution and 
sensitivity of the NMR signal are the applied power (both pw and tpwr), as well as 
the acquisition time (at) and time between pulses (d1). After the optimization of the 
desired experimental conditions, the 90º pulse was arrayed in order to obtain the 
values of the power (pw and tpwr) for a maximum signal-to-noise ratio. The typical 
behaviour shown in the arrayed spectra of the applied power (Figure 2.13.), is a sign 
of a proper performance of the system. 

 
Figure 2.13. Consecutive spectra in pulse adjustment array spectra. 
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The last, but not least, of the parameters to be optimised before using the 
system is the shims. Now, as it has been stated in the literature, shimming is 
not any kind of “esoteric” process, and although there are some indications how 
a shimming process should be done, it is seen more as an art.34 At this point, 
since the probe has been modified, the starting point to optimise the shims coils 
is at zero value. All these parameters need to be optimised and the effect of 
them in obtaining a good NMR signal are significant. This effect is depicted in 
the Figure 2.14. When all the parameters mentioned so far (except the power) 
are not optimised, the SNR for the water peak is only 3 (Figure 2.14., left). 
After iterative optimisation of all the possible combinations of parameters, 
taking into consideration the advice of NMR experts for the power and times of 
the experiments as well as tips to perfect the shims (based upon experience), the 
obtained SNR can reach an optimal value of 13 for H2O (Figure 2.14., right). 

   
Figure 2.14. H2O NMR spectra (non-optimized (SNR of 3, left); optimized (SNR of 13, right),  

at = 1, d1 = 1 & nt=1). 

Furthermore, when we are working under flow conditions, as has been described 
in the literature,35 the relaxation time diminishes. This effect also allows us to 
reduce the time of each experiment, since the acquisition time also dismisses, and 
allows us to perform more scans for a certain experiment time or even to lower the 
concentration of any given sample. At this point, and considering the good SNR 
values obtained, the system is ready to start working on the different 
applications of interest, allowing detection at the mM range of observed 
concentration. 
 

Sensitivity measurements 
 
The sensitivity of a NMR microcoil probe is usually quantifiable by measurement of 
the SNR, as described in Chapter 1. This value is given at any time by the NMR 
software. In this respect, we measured the NMR spectrum of a solution of 40 mM of 
methylcinamate in toluene in the NMR microchip probe (Tables 2.1 & 2.2), and was 
compared with a 5 mm tube in a commercial probe (Varian 1H/13C/15N triple 
resonance triax), both at 400 MHz. 
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Table 2.1. Experimental data for SNR. 

 Concentration 
(mM) 

ata 
(s) 

Vobs/molobs
b 

(nL)/(nmol) SNRc 

NMR Microchip (methylcinamate) 40 1 25/1 7.3 

5 mm NMR tube (methylcinamate) 40 1 230·103/9.2·103 10.21 
aAcquisition time. bObserved volume & mols at the detection volume. cSignal to noise ratio. 

The SNR obtained in the NMR tube is only slightly higher than that obtained in 
the NMR microchip, despite the big difference in nmol used in each case: 9200 nmol 
vs 1 nmol, (Figure 2.15.). 

 
Figure 2.15. 5 mm 1H-NMR spectra of methylcinamate (9200 nmol) at 400 MHz (left).  

1H-NMR-microchip spectra of methylcinamate (1 nmol) at 400 MHz (right). 

As for the sensitivity data, (Table 2.2.), we can obtain the results by applying the 
correspondent equations,36 and we observe that the NMR microchip system shows 
6600 times higher mass-sensitivity than the conventional NMR tube (Sm) (7300 vs 
1.109) (Table 2.2.), while the corresponding measurement in an conventional NMR 
tube results in only a slightly higher concentration-sensitivity (0.255 vs 0.18). It 
illustrates the potential of microcoils as an interesting approach to enhance the 
NMR sensitivity. 

Table 2.2. Experimental data for Sc y Sm. 

 Sc
a 

(SNR x mM-1 x s-1/2) 
Sm

b 
(SNR x µmol-1 x s-1/2) 

NMR Microchip (methylcinamate) 0.18 7300 

5 mm NMR tube (methylcinamate) 0.255 1.109 
aSc: concentration sensitivity. bSm: mass sensitivity. 

The detection limits can also be computed (Table 2.3.). In the case of the NMR 
microchip, we have a detection limits (LODm) of 41⋅10-5 (SNR x µmol x s-1/2) versus 
the 2.705 (SNR x µmol x s-1/2) for the 5 mm NMR tube, a significant improvement 
for the NMR microchip. In this case, as in the previous case, the detection limits, in 
terms of concentration, were very close in value for both systems. 
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Table 2.3. Experimental data for nLODc y nLODm. 

 nLODc 
 (SNR x mM x s-1/2) 

nLODm 
 (SNR x µmol x s-1/2) 

NMR Microchip (methylcinamate) 16.67 0.00041 

5 mm NMR tube (methylcinamate) 11.76 2.705 

Overall, this data helps us to determine that the NMR microcoils were perfectly 
integrated in the system, and also that the aforementioned approach to enhanced 
the NMR sensitivity making use of NMR microcoils is reliable and promising. 
 
At this point, once the whole system had been optimized and determined to be 
working correctly, we started investigating its application in the analysis of a small 
library of heterocycle rings.  
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2.2.2 Study of Kinetical data from the Synthesis and Optimization of an 
Isoxazole and Pyrazole library 

 
Description of the system 

 
During the development of this PhD thesis, we have worked on the integration of 
different systems or techniques: a conventional flow microreactor (Labtrix® Start) 
and a NMR microfluidic system (Scheme 2.1.), with the main aim of developing a 
new procedure to rapidly extract kinetic information from a chemical reaction. 
 

 

Figure 2.16 & Scheme 2.1. Picture and schematics of the Labtrix® Start-NMR hyphenated setup. The 
reaction zone consists of a 20 µl microreactor connected by means of capillaries to a microfluidic NMR 
chip fixed on the optimum position inside the bore of a superconducting 9.4 T NMR magnet. The total 

volume of the system, from the syringes pumps to the NMR-chip is 50 µl. 

The integrated system consists of a commercial, continuous flow microreactor linked 
with a Nanoliter NMR set-up comprising a 20 µl reaction volume for the glass 
microreactor, and a 25 nL detection volume for the microfluidic NMR-chip (Figure 
2.16. & Scheme 2.1.). As we mentioned in previous work, the detection volume of 
the NMR chip was chosen much smaller with respect to the microreactor volume 
allowing flexibility for the monitoring of different reaction times within a single flow 
experiment whilst keeping the flow rate and/or correlated reaction conditions 
constant, adapting the acquisition parameters, e.g. number of scans, accordingly. 
 

Reaction scheme for a small library of isoxazole and pyrazole derivatives 
 
In relation with the chemistry we have performed, we chose the condensation 
formation of five membered ring heterocycles, which are very well known in the 
literature. The series of example comprised the reaction of diketones derivatives: 
pentane-2,4-dione (1) and 3-methyl-pentane-2,4-dione (2) and 1-phenylbutane-1,3-
dione (3) with hydroxylamine hydrochloride (4) to obtain isoxazoles derivatives 
which are known to be present in numerous natural products of medicinal value.18b, 
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25c, 37 or different hydrazines such as benzyl hydrazine (8), 4-fluorophenylhydrazine 
hydrochloride (12) and 2,3,4,5,6-pentafluorophenylhydrazine hydrochloride (16) to 
obtain pyrazole derivatives, which we believe could prove useful to show the 
versatility and the robustness of the developed methodology (Scheme 2.2.).  

  
Scheme 2.2. Schematic for the reaction of isoxazol and pyrazole derivatives mentioned in the text. 

 
Methodology and data acquisition for the heterocycle formation 

 
The intrinsic features of the hyphenated Labtrix Start-Nanoliter NMR microfluidic 
chip setup permit the acquisition and interpretation of kinetic data in a very 
productive way. Upon observation of the raw results it is immediately clear that 
when both systems are coupled, and the NMR system is receiving the information of 
the reaction progress continuously, the result of the product concentration versus 
the experiment time does not provide the typical exponential growth/decay curve 
for product/reagent, but rather a sigmoidal-shape curve. The conclusion of this 
observation was due to the fact that the system wasn’t stabilized at a constant 
temperature at the moment the NMR chip started the collection of spectra. It was 
concluded that the temperature was not reached instantaneously despite the Pulse 
Width Modulation control technology of the temperature-control unit in the Labtrix 
Start reactor to provide accurate temperature control of thermoelectric devices. 
 
This already differs from the typical acquisition of data while working with flow 
methodology. Normally, the manufacturer recommends letting the system 
equilibrate for as much as three reactor volumes before the collection of the data, 
because of thermal and flow rate instabilities. This methodology is rather 
contradictory since the Labtrix Start system is designed to evaluate many of the 
reaction parameters in a short period of time. The use of an in-line monitoring 
technique, to monitor every moment of the reaction progress, not only avoids 
waiting three times the reactor volume. It also enables the collection of a wide 
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variety of information during system equilibration, which can be used for kinetic 
purposes. In addition, the use of materials is minimal and we can even avoid the use 
of deuterated solvents. 
 
Indeed it allows for a rapid determination of the Arrhenius parameters without the 
need to do multiple temperature experiments (as in the conventional approach), 
since extra information can be extracted within a single flow experiment, before, 
during and after the steady state of the reaction. Thus, this feature was used for the 
determination of the reaction order, reaction rate constants (k) and Arrhenius 
parameters of the small library of isoxazole and pyrazole derivatives. 
  
Also, if we are to discuss the kinetics of this type of reaction, we should base it on 
the accepted mechanism for this kind of heterocycles (Scheme 2.2.), and as it turns 
out, this reaction type is a two-step process. The first step corresponds with the 
nucleophilic attack of hydroxylamine hydrochloride (4) on the carbonyl group of the 
diketone, which could be related with having a second order kinetics, and a 
consecutive step, the intramolecular cyclisation of the isoxazole, which would 
correspond with first order kinetics (Scheme 2.3.).  

  
Scheme 2.3. Proposed mechanism for the general formation of isoxazoles. 

In practice, this reaction occurs as one, with the attack of the nucleophile being the 
rate limiting step, but in certain cases, such as for bulky substrates or when ring 
strain is associated with the new ring formation this may change the limiting step. 
Our results agree with the expected second-order rate law, as discussed later. 
 

Model reaction 
 
As a starting point, the reaction of 1-phenylbutane-1,3-dione (3) and hydroxylamine 
hydrochloride (4) for the synthesis of 3-methyl-5-phenyl-isoxazole (7a) (Scheme 
2.2.) was chosen as model reaction.38, 24a, 39  In this experiment, two syringes were 
loaded with the corresponding starting material in methanol and connected into the 
Labtrix Start-NMR hyphenated system at 2.5 µL/min overall flow-rate and a final 
concentration of 0.375 M. Whilst flowing the reaction temperature was set to 100 
ºC, reaching its steady state operation within 3 minutes, as observed when 
monitoring the increase in conversion with temperature and time. The in-line 
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monitoring of the process resulted in a collection of NMR spectra showing the 
appearance and disappearance of reaction product and starting material respectively 
within this time (Figure 2.17.).  

 
Figure 2.17. Collection of 1H-NMR spectra for the synthesis of 3-methyl-5-phenylisoxazole (7a) for an 

overall flow rate of 2.5 µL/min. Every data point corresponds to a volume fraction of 2.5 µL. The 
direction of the solid arrow corresponds to the formation of the product within time. The direction of the 

dotted line shows the disappearance of the reagent within time. The symbol # corresponds to reagent 
peaks (7.8, 7.4, 7.35, 6.25 and 2.05 ppm). The symbol * corresponds to product peaks (7.78, 7.35, 6.5 and 
2.18 ppm). The solvent ppm region from 6.0 to 2.5 ppm has been omitted for clarity. Peak at 2.3 ppm 

corresponds to the minor isomer, 5-methyl-3-phenylisoxazole, which is obtained with a reaction 
conversion of 10% for the highest residence time. 

As discussed earlier, it is possible to analyse different volume fractions of the whole 
microreactor volume separately, by means of optimization of the acquisition 
parameters. Therefore, every NMR spectrum from Figure 2.17. corresponds to a 
small volume fraction of the microreactor volume. When working at 2.5 µl/min, the 
residence time for a 20 µL microreactor is around 8 min. Optimizing the acquisition 
parameters in the 1H NMR experiment (e.g. 60 accumulated scans of 1 s at a flow 
rate of 2.5 µl/min results in a detection volume per NMR experiment of 2.5 µL with 
an NMR experiment time of 1 min) provides multiple data points (8 points) that 
can be sampled within the reaction volume. In other words, fractions of 2.5 µL can 
be analysed independently by means of the NMR microfluidic chip in a single on-
flow experiment (Figure 2.17.). The plot of these data results in a sigmoidal curve 
obtained when the product concentration is presented versus time (Figure 2.18.). 

  
Figure 2.18. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 3-

methyl-5-phenylisoxazole (7a) for an overall flow rate of 2.5 µl/min.  
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The points correspond to experimental data using triplicate experiments for 
reproducibility (Table 2.4.). The curve along the data points has been obtained from 
a fitting model, which we will discuss latter in the text. As we have mentioned 
before, this curve does not provide the typical exponential growth/decay curve for 
product/reagent, because the measurement was not performed at a constant 
temperature, compared to previous example from our research group (Figure 2.6.).17  
Table 2.4. Reagent conversion (%) and product result for the 15 first points of the reaction curve (error 

of 0.02 M in [A]. 
Time (s) Conv (%) [A] Time (s) Conv (%) [A] 

0 0.000 0.000 480 0.685 0.290 
0 0.000 0.000 480 0.670 0.285 
0 0.000 0.000 480 0.732 0.295 
60 0.026 0.010 540 0.745 0.299 
60 0.029 0.011 540 0.751 0.300 
60 0.021 0.008 540 0.753 0.300 
120 0.077 0.029 600 0.770 0.326 
120 0.083 0.031 600 0.755 0.317 
120 0.072 0.027 600 0.758 0.316 
180 0.220 0.083 660 0.801 0.326 
180 0.252 0.094 660 0.805 0.325 
180 0.229 0.086 660 0.773 0.319 
240 0.356 0.133 720 0.782 0.326 
240 0.357 0.134 720 0.795 0.330 
240 0.353 0.142 720 0.791 0.323 
300 0.512 0.212 780 0.816 0.330 
300 0.561 0.224 780 0.825 0.320 
300 0.534 0.215 780 0.833 0.334 
360 0.623 0.246 840 0.837 0.331 
360 0.633 0.237 840 0.828 0.327 
360 0.616 0.252 840 0.815 0.328 
420 0.663 0.281 900 0.808 0.329 
420 0.698 0.273 900 0.830 0.332 
420 0.692 0.284 900 0.844 0.330 

 
Description of reaction Zones within the sigmoidal curve. 

 
For the experiment, the Labtrix heating is switched on when the system is already 
flowing, which defines time zero. The reactions chosen have a negligible conversion 
at RT, and the reaction is considered to start once heating the reaction mixture 
above RT. At the exit of the 20 µL reactor volume, the reaction mixture enters the 
capillary that runs to the NMR chip. We carefully checked the temperature that 
drops rapidly to RT upon exiting the reactor chip. This was tested by measuring 
conversion whilst actively cooling or not cooling the capillary at the reactor outlet, 
as well as by quenching the reactions by adding acetone at the end of the reactor 
through the in-build additional channel inlet. Additional measurements were also 
made on the heating process of the microreactor, noting that this process is not 
instantaneous, but takes about three minutes before reaching the set temperature 
(Table 2.5. & 2.6.). 
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Table 2.5. & 2.6 Temperature data versus time collected from a fibre optic temperature sensor before 
temperature stabilization of the Labtrix Start system (Voltage=12V, left) (V=14 V, right). 

Time (seconds) Temperature (ºC)  Time (seconds) Temperature (ºC) 
0 20  0 20 
60 75  30 46 
120 96  60 82 
180 98  90 96 
240 100  120 100 

   150 100 
   180 100 

We will be discussing the results obtained with the 14V settings, since the longer 
temperature stabilization at 12V, complicated the data. 
 
In order to appreciate the different zones that can be distinguished by the NMR 
measurements (because of the slow temperature onset), two consecutive 
microreactor volumes can be discriminated, each of which has 8 virtual sampling 
points of 2.5 µL fractions (Figure 2.19.).  

  
Zone Constant residence time Constant temperature Starting concentration at t=0 
a+b NO NO A0 
b’ NO YES A’ 
c YES NO A0 
d YES YES A0 
Figure 2.19. & Table 2.7. Collects the schematics of two microreactor sets of sample fractions. The 

collection of data points is grouped for a specific analysis in different zones (a, b/b’, c, d). These zones 
differ from each other in temperature (red colour representing final temperature; purple, representing 
temperature gradient before temperature stabilization; blue colour representing room temperature), in 

residence time (discontinuous line: non-constant residence time (8 different portions (lines) can be 
analysed); continuous line: constant residence time), and starting concentrations (A0; A´<A0). 

For clarity sake, we will refer to “first set of 8 fractions” when talking about the first 
microreactor volume, and “second set” for the subsequent microreactor volume. Both 
these sets comprise of 8 data points and have some points corresponding to constant 
temperature or non-constant temperature; similarly some data points have constant 
time or non-constant residence time and, finally, some have “starting concentration” 
at “time zero” A0 of 0.375M or A’ < 0.375M (Table 2.7.). 
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The “darker” sections represent the sample volume flowing towards the NMR 
microfluidic chip. The collection of data points can be grouped in different zones (a, 
b, c, d), These zones differ from each other in terms of temperature (blue colour: 
room temperature; mixed colours: temperature gradient before temperature 
stabilization, red colour: final temperature), residence time (discontinuous line: non-
constant residence time (8 different portions (lines) can be analysed independently); 
continuous line: constant residence time), and starting concentrations (A0; A´<A0) 
(Figure 2.19. & Table 2.7.). 
 
The first reactor volume is emptied from the chip starting at time zero and the 8 
sample volumes have an incremental residence time going from 1 to 8 minutes, 
similar to the previously described microwave-NMR setup.17 At this state, two 
different sets of points can be differentiated within the first emptying of the 
microreactor volume, i.e. before and after temperature stabilization (zone a and 
b/b’, Figure 2.19., or Figure 2.20.). Every data point in zone a and b, detected in-
flow as 2.5 µL portion in the NMR chip, has experienced a different residence time, 
from 1 to 8 minutes and non-constant temperature. A new set of data points, i.e. b’, 
can be distinguished within zone b as volume fractions have experienced constant 
temperature values. The data points in zone b’ can be identified with a typical 
exponential kinetic curve where the concentration of product is determined after 
various time intervals (for a certain initial concentration of reactants) and at a 
constant temperature, in contrast to zone a and b where the temperature is not yet 
constant (Figure 2.19. & Figure 2.20.).  
 
The “starting concentration” of the starting material to be taken into account in the 
calculations for zone b’, vide infra, is lower than the initial starting concentration of 
starting material of 0.375 M, as a result of the corresponding volume fractions 
having been exposed to temperatures between room temperature and the final set 
temperature for a certain residence time “during the zone a conditions”. Regarding 
the second group of fractions that are monitored in the NMR-chip, a third set of 
points (zone c), and a fourth set of points (zone d) can be discriminated (Figure 
2.20. orange and green data points). All these volume fractions of the second group 
have been for the full residence time of 8 minutes in the microreactor, but they 
differ in the temperature experienced, since zone c volume fractions entered the 
microreactor before temperature stabilization (Figure 2.19.), whilst the following 
fractions (zone d) enter the microreactor when the temperature is stable. The initial 
concentration of reactants is 0.375 M and hence differs from the starting 
concentration in zone b’. So, the different zones (a, b/b’, c and d) differ in 
temperature, residence time and importantly in the “effective starting concentration 
of reactants” (Figure 2.19. & Figure 2.20.). 
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Figure 2.20. Graphical representation of the different zones a, b, c, d. 

Determination of the reaction order and Arrhenius parameters 
 
As mentioned, we shall discuss the extraction of all the Arrhenius parameters for 
the model reaction between 1-phenylbutane-1,3-dione (3) and hydroxylamine 
hydrochloride (4) (Scheme 2.2.). As shown on the mechanism, we would expect to 
be able to model the results to a second order kinetic model, and as such data points 
are plotted as 1/[A] versus time (Figure 2.21.).  

 
Figure 2.21. 1/[A] (M-1) versus residence/monitoring time for the synthesis of 3-methyl-5-phenylisoxazole 
(7a) for an overall flow rate of 2.5 µL/min. Note, for the first set of fractions measured (zones a, b/b’) 

the monitoring time equals the residence time of a fraction in the reactor chip. [A] represents the reagent 
concentration. The dotted x- and y-axes emphasize the zone b’ data points, that represent a 

‘conventional’ data set with incremental residence time and a constant temperature. 

In fact, data points 4-8 define a straight line corresponding to the points of zone b’, 
where the temperature is constant, corroborating the second-order rate law of this 
type of reaction. From the slope, the reaction rate constant, k, can be determined 
and an intercept with the 1/[A] y-axis gives the initial concentration at the point of 
temperature stabilization within the microreactor volume. Note, however, the 
intercept is not the y-axis intercept of the extrapolated straight line at time = 0, 
but the intercept of the virtually shifted y-axis at time = 4 minutes. A reaction rate 
constant value of 0.032 M-1 s-1 and [A]o value of 0.235 M are extracted (y = 0.032x – 
3.433). The latter data indicate that 0.35 µmol per volume fraction (3.5 nanomoles 
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per 25 nL detection volume) was consumed in the microreactor at the point of 
reaching constant temperature, i.e. the starting point of zone b’. 
 
Focused on corroborating the reaction order, the initial concentrations of 1-
phenylbutane-1,3-dione (3) and hydroxylamine hydrochloride (4) were reduced to 
half, since usually the overall reaction order is established by studying a reaction 
using different initial concentrations of reagents.40 Note that we observed a decrease 
of four times in the reaction rate confirms this to be a second order reaction. The 
simplification that we were able to perform for the second order reaction from 
treating the kinetics as 2A!P form instead of the form of A+B !P, comes from 
the fact that both concentrations of A and B are the same, in any other case this 
simplification wouldn’t be possible and we wouldn’t obtained a linear behaviour 
when representing 1/[A] vs t.  
 
When all this experimental information, about different temperature ranges, starting 
concentrations and residence times obtained from a single on-flow experiment, are 
fitted within a theoretical model calculated by means of the Maple software, it is 
possible to extract the Arrhenius parameters, pre-exponential factor and activation 
energy values in a rapid manner.  For the development of the model, a collaboration 
with Dr. Peter A. Barneveld from Wageningen University was established. 
 
In the model, we would be assuming that the microreactor heats up according to 
Newton’s law of heating (1), leading to the following heating characteristic:  

 
Here, Ti and Tf are the initial and final temperatures respectively, and t the so-
called monitoring time: the time from the starting the experiment and starting 
heating-up. The proportionality factor τ was fitted to the heating data and found to 
be 0.3375 min-1. This temperature dependency was used to solve the second order 
rate laws equations (2 & 3),  
 

 
and 
 

 

where [A] is the concentration reactant and [P] the concentration product. For the 
temperature dependency of the second order rate constant k, the well-known 
Arrhenius equation (4) was applied: 

 
Note that according to the first equation the temperature T is time dependent. Let 
us call the throughput time tR. Then, the first cohort (red line) spans from 
monitoring time zero up to tR, while the second cohort spans from tR up to 2tR. 
Maple™ 18 software was used to solve the differential equations numerically. The 

T = Tf � (Tf � Ti) · e(�⌧t)

k(T ) = A · e
�Ea
RT

d[A]

dt
= �k(T )[A]2

d[P ]

dt
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two cohorts were treated differently. For the first cohort the time spent in the 
microreactor is equal to the monitoring time t. It then suffices to solve the equations 
with initial values [A]=[A]0 and [P] = 0 from t=0 up to tR, and use intermediate 
time values as desired. The second cohort spends always tR time in the microreactor, 
so for each data point, and for each point in the curve, a separate integration over 
the time interval t! is to be conducted. The same initial concentrations are used as 
before, but this time the integration goes from t-tR up to the actual monitoring time 
t. Only the final value of the integration is used. Using this scheme to calculate the 
concentrations at any desired monitoring time t, the data points were fitted 
manually to the Arrhenius parameters A and Ea. 
 
The solid line shown in Figure 2.18. was obtained from fitting to the just described 
model, which allows the extraction of further information. For a value for τ of 
0.3375 min-1, A = 6.00x 10+9 and a ratio rate constant value of 400, it renders an 
activation energy value of 68 KJ/mol (16.3 Kcal/mol). In order to prove the 
robustness of this methodology, the flow rate in the system was doubled, 5 µL/min. 
A similar sigmoidal curve compared to Figure 2.18. was obtained, although as twice 
as fast compared to the previous sections, where the same number of data points are 
included within zone a, zone b/b’, zone c (Figure 2.20.). The plot of 1/[A] versus 
time shows a similar regression line as Figure 2.22., right, extracting a kinetic rate 
constant of K= 0.037 M-1s-1.  

  
Figure 2.22. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis 3-

methyl-5-phenylisoxazole (7a) for an overall flow rate of 5 µl/min. 

The fitting of this data with the same theoretical model delivers similar values as for 
the previous flow rate of 2.5 µl/min. For a value for τ of 0.3375 min-1, A = 5.00·10+9 
and a ratio rate constant = 435, which renders an activation energy value of 69 
KJ/mol (16.5 Kcal/mol).  
 
In addition, a computational approach (B3LYP[PCM]/6-31G(d) level in Gaussian 
09 package),41 was used to validate these values. The nucleophilic attack of 1-
phenylbutane-1,3-dione (3) and hydroxylamine hydrochloride (4) renders two 
possible isomers; 3-methyl-5-phenylisoxazole (7a), the major isomer, and 5-methyl-3-
phenylisoxazole (7b), the minor. The calculated activation energies were 69.4 
KJ/mol for 3-methyl-5-phenylisoxazole (7a) and 102.4 KJ/mol for 5-methyl-3-
phenylisoxazole (7b), which fits well with the kinetic parameters for the major 
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isomer shown above, corroborating the methodology developed here and justifying 
the fact of experimentally not observing the minority isomer (Figure 2.23.). 

 
Figure 2.23. 3-methyl-5-phenylisoxazole (7a, left) and 5-methyl-3-phenylisoxazole (7b, right). 

 
Extension to other heterocycle derivatives 

 
To further validate this approach we extended the work to cover a series of different 
diketone derivatives leading to differently substituted isoxazole rings. From each 
transformation we extracted the corresponding kinetic information. The use of 
pentane-2,4-dione (1) and 3-methyl-pentane-2,4-dione (2) afforded 3,5-
dimetilisoxazole (5) and 3,4,5-trimetilisoxazol (6), respectively. Two syringes with 
the corresponding starting material, both yielding the same starting concentration 
(0.375 M) in methanol were loaded into the Labtrix Start-NMR hyphenated system 
that was setup at 100 ºC as the reaction temperature, and at 2.5 µL/min as the 
overall flow-rate. Similar behaviour was observed compared with the reaction of 
compound 3. Figure 2.24. shows the product concentration versus monitoring time, 
and 1/[A] versus residence time respectively for the formation of product 5, and 
Figure 2.25. shows the corresponding graphics for the formation of the reaction 
product 6.  

  
Figure 2.24. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 

3,5-dimethyl-isoxazole (5) for an overall flow rate of 2.5 µl/min. A k value of 0.043 M-1 s-1 can be 
extracted from the slope of the straight line. 
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Figure 2.25. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 

3,4,5-trimethyl-isoxazole (6) for an overall flow rate of 2.5 µl/min. The k value is 0.0283 M-1 s-1. 

The scope of this reaction class has been further extended by the use of three 
different hydrazine derivatives, the reaction of 1-benzylhydrazine (8), 2-fluoro-
phenylhydrazine hydrochloride (12) and 2,3,4,5,6-pentafluoro-phenylhydrazine 
hydrochloride (16) in combination with the above-mentioned diketones, to 
demonstrate the versatility of the aforementioned methodology. 
 
In total nine pyrazole derivatives (9, 10, 11, 13, 14, 15, 17, 18, 19) were 
prepared in addition to the isoxazole rings, five of which were (13, 14, 15, 18, 19) 
not previously described in the literature (Scheme 2.2.). The experimental conditions 
employed (100ºC, τ = 4 min) were very suitable to reach very high conversion for 
all cases, and 5 µL/min was the flow rate used. Each experiment was completed 
after only 500 seconds. Thus, when pentane-2,4-dione (1) was employed, 96 % 
conversion to the final product was observed for all hydrazine derivatives. Similarly, 
the use of 3-methyl-pentane-2,4-dione (2) afforded 95% conversion, and 1-
phenylbutane-1,3-dione (3) afforded 99% conversion. 
 
Owing to the unique advantages of our hyphenated system, the kinetic parameters 
can be obtained within a single flow experiment. The kinetic experimental data is 
depicted in Figures 2.26.-2.34. and the rate constant values, the pre-exponential 
factor and the activation energy are shown in Table 2.8. after applying the same 
fitting model used for the reaction of phenyl-1,3-butanodine (3) and hydroxylamine 
hydrochloride (4) (model reaction). 

 
Figure 2.26. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 1-

benzyl-3,5-dimethyl-pyrazole (9) for an overall flow rate of 5 µl/min. The k value is 0.1368 M-1 s-1. 
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Figure 2.27. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 1-
benzyl-3,4,5-trimethyl-pyrazole (10) for an overall flow rate of 5 µl/min. The k value is 0.1933 M-1 s-1. 

 
Figure 2.28. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 1-
benzyl-3-methyl-5-phenyl-pyrazole (11a) for an overall flow rate of 5 µl/min. The k value is 0.172 M-1 s-1. 

 
Figure 2.29. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 1-
(2-fluorophenyl)-3,5-dimethylpyrazole (13) for an overall flow rate of 5 µl/min. The k value is 0.13 M-1 s-

1. 

 
Figure 2.30. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 1-
(2-fluorophenyl)-3,4,5-trimethylpyrazole (14) for an overall flow rate of 5 µl/min. The k value is 0.096 M-

1 s-1. 
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Figure 2.31. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 1-

(2-fluorophenyl)-3-methyl-5-phenyl-pyrazole (15a) for an overall flow rate of 5 µl/min. The k value is 
1.3493 M-1 s-1. 

 
Figure 2.32. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 1-
pentafluorophenyl-3,5-dimethylpyrazole (17) for an overall flow rate of 5 µl/min. The k value is 0.1336 

M-1 s-1. 

 
Figure 2.33. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 1-
pentafluorophenyl-3,4,5-trimethylpyrazole (18) for an overall flow rate of 5 µl/min. The k value is 0.1675 

M-1 s-1. 

 
Figure 2.34. Reaction product concentration (M) versus monitoring time (seconds) for the synthesis of 1-
pentafluorophenyl-3-methyl-5-phenyl-pyrazole (19a) for an overall flow rate of 5 µl/min. The k value is 

0.2782 M-1 s-1. 

The results for all compounds are collected in Table 2.8., where in accordance to the 
data obtained from the first model reaction (1-phenylbutane-1,3-dione (3) and 
hydroxylamine hydrochloride (4)) and the experimental determination of the kinetic 
constant, we can determine an approximation of the activation energy for each of 
the substrates when the experimental conditions are fitted to a model.  
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Table 2.8. Arrhenius parameters extracted from the experimental data for compounds 5, 6, 7a, 9, 10, 
11a, 13, 14, 15a, 17, 18, and 19a. 

Product Kinetic 
constant 

Rate 
constant Pre-exponential Factor 

Activation 
Energy 

(KJ/mol) 
5 0.043 385 9.0·109 67.7 
6 0.028 430 1.0·109 69.0 
7a 0.032 400 6.0·109 68.1 
9 0.137 500 2.1·1010 70.6 
10 0.193 495 2.95·1010 70.5 
11a 0.172 510 2.95·1010 70.8 
13 0.129 560 2.7·1010 71.9 
14 0.095 420 1.5·1010 68.7 
15a 1.349 500 6.0·1010 70.6 
17 0.134 550 5.10·1010 71.7 
18 0.168 530 5.05·1010 71.3 
19a 0.278 520 3.50·1010 71.1 

As shown, the data indicates very similar results for all of the substrates. This is 
consistent with experimental observation, as all the reactions worked quite well 
under similar experimental conditions. We haven’t expanded any further to try 
some more complicated substrates, but we believe that since the methodology is now 
installed, it should be much easier to approach any other reaction. 
 

Classical determination of kinetics parameters via on-flow experiments 
 
For the sake of comparability, the kinetic determination of any reaction is 
performed with the system working at steady state, where the measurement of the 
parameter cannot be mistaken or miscalculated with any outside interference. For 
comparison, the same model reaction (1-phenylbutane-1,3-dione (3) and 
hydroxylamine hydrochloride (4)) and the same experimental setup (Labtrix-NMR 
hyphenated setup) were used. For such purposes, we studied the kinetic behaviour 
(with triplicated experiments) of the reaction at steady state, keeping the 
temperatures constant at different values and modifying the residence time from 1 
to 10 min for every temperature value, as conventionally performed in the study of 
reaction kinetics. The results are collected in Table 2.9. 

Table 2.9. Overview of the kinetic data obtained at the steady state of the model reaction between 1-
phenylbutane-1,3-dione (3) and hydroxylamine hydrochloride (4). 

Entry 
Temperature  

(K) 1/T K Ln K 

1 353 0.0028 0.008 -4.83 
2 363 0.0028 0.0171 -4.07 
3 383 0.0026 0.07 -2.66 
4 403 0.0025 0.23 -1.47 
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As such, if we follow the kinetic protocols, i.e. determining the activation energy 
from the plot lnK vs 1/T (Figure 2.35.), the conventional approach renders a value 
of 79 ± 4 KJ/mol (19.1 ±1 Kcal/mol) for the activation energy.  

 
Figure 2.35. Graphical representation of the kinetical data from Table 2.9. 

The in-line previously described methodology allows for the determination of the 
activation energy up to 8 times faster than this conventional approach. This is 
calculated by estimating the conventional method would take around 6 hours to be 
perform with our system, while the hyphenated system between the Labtrix-NMR 
microcoils would only take 45 min in total. In the conventional procedure, it takes 
90 min for each kinetic data point per temperature (triplicate measurements); each 
experiment of our developed methodology took only around 45 min (triplicate 
measurements). If we assume that the control experiment renders the “true” value, 
the kinetic determination with the just reported methodology renders the data with 
an error of 13% on the activation energy (16.3 Kcal/mol). At this point, we are still 
studying the possible parameters that contribute to this difference. However, the 
fact that the computational values (B3LYP[PCM]/6-31G(d) level in Gaussian 09 
package suite)41 agree very closely to the obtained value under non-steady state 
conditions (16.3 vs 16.6 Kcal/mol), indicates that the error must come from the 
control experiment, or from differences in pressure and/or other internal parameters 
when comparing the control experiment with the non-steady state approach. 

 
The conventional approach to extract kinetic information was also carried out in a 5 
mm-NMR tube, however the temperature range of interest (around 100ºC) could 
not be reached because of the boiling point of methanol, an issue not present with 
the use of the Labtrix Start-NMR hyphenated setup due to the higher internal 
pressure of the system. 
 

System versatility. Scale-up viability 
 
As highlighted in the introduction, the typical synthetic approach to a reaction, and 
especially true for working on-flow, is the possibility to optimize the experimental 
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conditions in a microfluidic system at a smaller scale of reactants and then translate 
this set of conditions to a larger scale flow system.19, 42 In this case, we used a 
Vapourtec R2/R4 Flow Reactor heater. In most cases the conversion remains similar 
for both scales, however it was not always the case. When the optimal reaction 
conditions (8 min, 100ºC) obtained for the synthesis of 3-methyl-5-phenylisoxazole 
(7a) are transferred directly to the Vapourtec Flow Reactor, there is a decrease of 
14% (reaction conversion of 71% out of the Vapourtec reactor vs 85% conversion in 
the NMR-ChemTrix system). When the Ea value (Ea = 16.3 Kcal/mol) obtained out 
of our fitting model is used in the “Arrhenius equation tool” of the Flow 
Commander, available in the Vapourtec R2/R4 Flow reactor (Figure 2.36.), it 
optimised the reaction conditions in a residence time of 2.6 min for a Tf= 120ºC. 
Under these conditions an increase in conversion of 21% (92 % final reaction 
conversion) is obtained in comparison with the Vapourtec results under the 
optimum small-scale reaction conditions.  

 
Figure 2.36. Vapourtec R2/R4 Flow reactor with the Flow Commander tool used for the scale up 

methodology. 

The same approach was followed for the synthesis of 3,5-dimethylisoxazole (5) and 
3,4,5-trimethylisoxazole (6). The enhancement in conversion was 16% (87 %) and 
14% (91%) respectively comparing with the directly transferred reaction conditions 
from the Labtrix Start microreactor. For the reaction of pentane-2,4-dione (3) and 
hydroxylamine hydrochloride (4) the production rate obtained in this experimental 
conditions was 1.26 g/h.  
 
To determine the importance of entering a correct activation energy value in the 
Arrhenius equation tool of the Flow Commander, the reaction was carried out at 
reduced residence times. When a value of 26 Kcal mol-1 is entered the Arrhenius tool 
calculates 1.3 min residence time. This value was selected since 10 Kcal mol-1 can be 
considered a substantial change in activation energy as reported in a previous work 
of our group.43 A loss of 6% in reaction conversion was subsequently observed 
compared to the use of the activation energy value extracted from our fitting model.  
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System versatility. High-throughput viability.  
 
With the objective of exploring the versatility of the system, we wanted to know if 
the setup could be used as an analysis system in a high-throughput environment. 
For this purpose, we hyphenated a micro-injection valve into our Labtrix Start-
NMR microfluidic setup. This type of valves allows the injection of small quantities 
of substrates (depending on the inner volume of the sample chamber) into the 
continuous flow of any system. In our case, we used a Rheodyne model 7520 with 
0.5 !L as sample chamber. The valve has two working positions: one to inject the 
substrates in the sample chamber (position A) and another to load the substrate 
into the flow (position B) (Figure 2.37.). 

 
Figure 2.37. Graphical representation of the inner working of a microfluidic valve (left); Pictured 

microfluidic valve Rheodyne model 7520 (right). 

A schematic of the system is drawn in Figure 2.38. 

 
Figure 2.38. Schematic representation of the microfluidic valve hyphenated with the LabTrix®-NMR 

system. 

The problem of inherent dilution of the solutions injected via the micro valve was 
resolved making injection of 2.5 μL at intervals of 0.5 μL, which is the volume of the 
sample chamber of the valve. This volume is not arbitrary, and it was the 
conclusion we reached after considering the SNR of the sample coming to the NMR 
microchip. 
 
Moreover, we also use two different methodologies, the continuous injection or 
segmented injection. In the continuous injection methodology (Figure 2.39., a), the 
complete 2.5 μL of injected reactant are introduced into the microreactor (which 
means injecting 5 × 0.5 μL without time lapse between each other). However, with 
this methodology we observed that the conversion did not increase as expected, 
showing an initial increase and halting at 25%, remaining constant for the rest of 
the injected volume. We suspect this behaviour is due to diffusion issue of the on-
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flow substrates (1,3-diketones, blue in Figure 2.39.), which could not penetrate into 
the volume of the injected reactants (hydrazines or hydroxylamine, red in Figure 
2.39.). On the other hand, using the segmented injection methodology (Figure 2.39., 
b), the same 2.5 μL (0.5 μL × 5) of injected substrates where separated by an equal 
segment of diketone, which at the set flow rate correspond to a 5 min span between 
injections, which we found to be the minimum at the flow rate that we were 
working on, so that we wouldn’t have any mixture among the different injections. 
This we believe that allowed a better mixture of the substrates and we could 
observe conversions similar to standard flow experiments for most of the cases (up 
to 80%). The result and the experimental conditions are collected in Table 2.9. 

  
Figure 2.39. a) continuous injection process, b) segmented flow process. 

When the system was working at the desired conditions and the in-line 
monitorization of the system was assured, we could select to work with the 
compounds individually, or we could try to synthesise all of the compounds from 
each 1,3-diketone in one continuous array. Table 2.10. shows the collected data from 
both the individual arrays, which we observed rendered the maximum conversion 
values, and the all-in-one experiment array, which shows the appearance and 
disappearance of the products while under flow conditions (Figure 2.40.). 

Table 2.10. Experimental conditions for the high-throughput system. 

Injected 
reactant 

Injected 
volume (μL) 

Conversion in 
individual array 

Conversion in one 
array experiment 

Mol 
(mmol) 

NH2OH 5x0.5μL 100 84 1.9 
BnNHH2 5x0.5μL 90 77 1.9 
monoF 5x0.5μL 78 76 1.9 
perF 5x0.5μL 60 47 1.9 
Flow rate=7.5μL/min // σ=2.6 min // 0.5μLx5 injection // 0.375 M as the final concentration. 

In the case of the 1-phenyl-1,3-butanodione (3), we manage to obtain all four 
products 7a, 11a, 15a, 19a (from bottom to top, circled in Figure 2.40.) in just one 
experiment timed around 35 to 40 minutes and a total usage of 135 μL (Figure 
2.40.).  

Injected volume

NH2OH & RNHNH2
R"R

O O

R'

Flow direction

a)

b)
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Figure 2.40. Single array for 1-phenyl-1,3-butanodione (3) to obtain all four products 7a, 11a, 15a, 19a. 

Similarly, for 2,4-pentanodione (1), we also manage to obtain the correspondent 
products 5, 9, 13, 17 (from bottom to top, circled in the figure below). (Figure 
2.41.) 

 
Figure 2.41. Single array for 2,4-pentanodione (1) to obtain all four products 5, 9, 13, 17. 

In conclusion, we have achieved the desired results in terms of the versatility of the 
system, being able to work as a high-throughput system consuming very little 
solvent (less than 0.5 mL) and reactants (less than 300 nmol) in a reasonable period 
of time (35-40 min) for the preparation of each set of four reaction products. 
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Application of the microwave irradiation to the synthesis of isoxazole and 
pyrazole derivatives 

 
Once knowledge regarding the reaction has been acquired, i.e. kinetic parameters, 
the next step is developing an efficient procedure for the synthesis, hence starting 
with the understanding of the influence of different experimental conditions, like 
temperature, continuous-flow regime, and the use of an alternative mode of heating 
such as microwave irradiation. 
 
Thus, the optimization process was performed on test reactions in order to identify, 
if possible, any common features, with the possibility of identifying generic 
conditions. The substrates 2,4-pentanodione (1), 3-methyl-2,4-pentanodione (2) and 
1-phenyl-1-3-butanodione (3), all commercially available, were therefore treated 
with hydroxylamine hydrochloride (4) in dimethylsulfoxide, affording the respective 
1,2-isoxazole (5, 6 & 7a/b)(Scheme 2.4.).  

  
Scheme 2.4. General reaction on the preparation of 1,2-isoxazoles. 

Preliminary data obtained from this reaction shows that there are three significant 
factors that affect the rate of conversion. They are temperature, microwave 
irradiation and using a flow regime. Thus, complete conversion is obtained for the 
preparation of 3,5-dimethylisoxazole (5) with the combination of microwave-
irradiation on continuous flow regime at 80ºC. However, our interest was to 
determine the influence of every parameter separately to check whether the effect of 
microwave irradiation is important to reach full conversion rates, since continuous-
flow reactors seems to appear perfectly suited to mimic the rapid heating attainable 
in a microwave chemistry experiment.18a, 44 

 
Figure 2.42. Illustration of the experimental setup used for continuous-flow microwave-assisted organic 
synthesis. The reagents are loaded into the capillary system, which is introduced inside the microwave 

cavity by means of a WeflonTM bar. 
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7b: R1= Me; R2= H; R3 = Ph
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Initially, reactions conditions are optimized for the shortest possible reaction time 
using the most appropriate temperature range and design of 
microreactor/microwave in order to facilitate the translation of these reactions to 
high throughput chemistry for the synthesis of the small library of pyrazole and 
isoxazole derivatives shown in the previous section. Thus, a custom-built flow-cell 
for the microwave reactor is fabricated in order to adapt the conventional 
microwave oven (CEM Discover) for continuous-flow purposes. A capillary (fused-
silica capillary length 70 cm; OD 349 mm, ID 100 mm) is wound to a WeflonTM bar, 
which is placed inside the microwave CEM cavity, defining a reaction volume 
exposable to microwave irradiation of 3 µl (Figure 2.42.).  
 
Regarding the continuous-flow versus conventional-heating reactions, the same 
length/diameter capillary used for microwave reactions was introduced inside a 
sand-bath once the desired temperature was constant. A high-force pump with a 
SGE gas chromatography syringe controls the flow in the system. An appropriate 
flow-rate provides an optimum reaction time of 3-6 minutes yielding good conversion 
rates. In batch mode, the reactions were carried out either using the CEM Discovery 
reactor or the above-mentioned sand-bath (using a small reaction vessel, 10 ml). For 
all cases, the percentage conversion is determined by taking samples of the effluent 
from the capillary (for continuous-flow conditions), or from the reaction vessel (for 
batch mode), and analysing it directly by 1H NMR spectroscopy off-line, by means 
of a conventional 5 mm-NMR tube.  
 
Table 2.11. summarizes the conversion rates obtained for all the isoxazole 
derivatives, 5, 6, 7a and 7b. Note that conversion rates are higher for compound 5 
than for 6 & 7a, which is supported by the higher reaction rate constant (k) for 5 
and slightly higher activation energies for 6 and 7a as reported in previous sections. 
The table shows every combined experimental condition as explained above. Three 
are the variables tested (temperature, regime (batch/flow) and heat mode), and 
therefore, eight (23) are the number of possible experiments covering all the 
possibilities (entries 1-8, Table 2.11.). To determine which factor is the most 
relevant (temperature, microwave heating or flow regime), a detailed comparison 
between entries (in which only one factor is different) needs to be carried out (i.e. 
entry 1 vs entry 2, Table 2.11.). For a correct analysis of the results, the entries 
should be evaluated in pairs; only comparing those in which the other two 
parameters which affect conversion rates are not present.  
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Table 2.11. Summary of the conversions obtained for the three isoxazole derivatives for every 
combination of experimental conditions. a CH: Classical Heating; MW: Microwave irradiation as mode of 

heating. 

Entry 
Temp. 
(ºC) 

Regime 
Heating 
modea 

Conv. (%) 
5 

Conv. (%) 
6 

Conv. (%) 
7a/7b 

1 25 Batch CH 6 7 1/0 
2 80 Batch CH 39 35 6/0 
3 25 Flow CH 23 19 33/0 
4 80 Flow CH 43 43 23/0 
5 25 Batch MW 6 6 11/0 
6 80 Batch MW 86 75 57/13 
7 25 Flow MW 67 52 37/0 
8 80 Flow MW 96 67 76/10 

The effect of temperature is evident comparing entries 1 and 2 (Table 2.11.). 
Comparison of entries 1 and 3 gives the effect of processing under a flow regime; and 
entries 1 and 5, provides the effect of microwave heating. Table 2.11. represents 
these effects obtained by comparison of the previously mentioned entries. After such 
analysis, it can be concluded that the formation of compounds 5 and 6 show a 
similar tendency while the formation of compound 7 behaves differently (Table 
2.11.). To summarise, the temperature and flow are the most important parameters 
in the formation of 5 and 6, whilst microwave irradiation and flow regime are the 
most significant in the formation of compound 7 (Table 2.12.). In addition, for all 
the isoxazole derivatives, continuous-flow has 3 times more effect than microwave 
irradiation (entries 2 vs 3, Table 2.12.), supporting recent studies in the literature.12  

Table 2.12. Conversion data ratio extracted from Table 2.11., illustrating the corresponding effects. 
Entries 1 vs 2 (temperature); entries 1 vs 3 (flow regime); entries 1 vs 5 (Microwaves) 
Entry Effects Isoxazole 5 Isoxazole 6 Isoxazole 7a/7b 

1 Temperature 6.5 5 6 
2 Flow regime 4 3 33 
3 Microwaves 1 1 11 

On the other hand, microwave heating shows an interesting high value for the 
formation of isoxazole 7a/7b, the only case in which the microwave irradiation is 
significant (Table 2.12., entry 3). In fact, the regioisomer 7b was only obtained in 
the presence of microwave irradiation (Table 2.10. entries 1-5 vs 6, 8), and further 
increase of the temperature. However, using a flow regime did not enhance the 
formation of isomer 7b (Table 2.11. entries 1 vs 3, and entries 6 vs 8). The influence 
of flow regime is more marked in the formation of compound 7, and especially 7a 
(Table 2.12. entry 2, and Table 2.11. entries 1 vs 3). The same trend is observed 
with the use of microwave irradiation (entries 1 vs 5, Table 2.11.). Presumably, the 
presence of a less reactive conjugated ketone, 1-phenyl-1,3-butanodione (3), requires 
additional input of energy to overcome transition states of higher energy. These 
conditions are highlighted for the volumetric heating induced by microwaves and 
also the efficient heat transfer induced in flow.43a, 45 In fact, complete conversion 
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rates for compounds 6 and 7 are only obtained increasing slightly the temperature 
and residence time values (120ºC, 6 minutes) for continuous-flow microwave 
irradiation experimental conditions, illustrating the lower reactivity of ketones 2 and 
3, theoretically with lower positive density charge in the carbonyl group because of 
the presence of an extra methyl, and phenyl group for substrates 2 and 3 
respectively.  
 
 Can continuous flow enhance reaction as much as microwave does? Is there 
any extra enhancement to the combined use of Flow and Microwaves? 
 
It is reported in the literature that continuous flow conditions can improve reactions 
to the same extent as microwave heating.46 In fact, Table 2.12. shows that, 
microwave irradiation does not have a very positive effect; only on the less reactive 
substrate, where this heating approach presents a clear improvement over the rest 
(batch and flow conditions and its combinations). We feel that these few examples 
cannot be held as a representative example for the rest of reactions described under 
microwave conditions and therefore, we will expand this study towards the 
formation of heterocycles from the same starting 1,3-diketones from previous 
examples with other hydrazine substrates: benzyl hydrazine hydrochloride 8, 2-
fluorophenylhydrazine hydrochloride 12 and pentafluorophenyl hydrazine 
hydrochloride 16a.  
 
As temperature has a strong effect on conversion of any of the given heterocycles, 
these reactions were all performed at a set temperature value of 80ºC, in which the 
only parameters that changes would be the reaction time, flow conditions, or 
microwave irradiation. To begin with, reactions were performed under microwave 
irradiation in batch mode. Next, these results were compared to those obtained with 
a continuous flow regime (in absence of microwaves) in order to check whether the 
latter can enhance reactions as much as microwave does, which would support 
examples reported in literature.44, 46-47 Finally, the influence of microwave assisted 
continuous flow synthesis (MACOS) was explored to study the potential 
enhancement of adding microwave irradiation to the continuous flow conditions.13, 44, 

46 
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Benzylhydrazine hydrochloride 
 
The first example corresponds to the reaction of the diketones 1, 2 and 3 with 
benzyl hydrazine hydrochloride 8, shown in Scheme 2.5. 

  
Scheme 2.5. General reaction in the preparation with benzyl hydrazine hydrochloride 8 

Table 2.13. Conventional Microwave oven. Tª=80ºC 

Entry 
Compound 

number 
Substituents 

Heating 
mode 

Reaction time 
(min) 

Conversion 
(%) 

1 9 R=R”=Me R’=H MW 5 93 
2 9 R=R”=Me R’=H MW 10 95 

3 10 R=R”=Me 
R’=Me MW 5 70 

4 10 R=R”=Me 
R’=Me 

MW 10 72 

5 11 R=Me R’=H 
R”=Ph 

MW 5 
(3-Me) 60 / (3-

Ph) 35 

6 11 R=Me R’=H 
R”=Ph MW 10 

(3-Me) 61 / (3-
Ph) 39 

In this case, the data suggest that the highest conversion are obtained for diketones 
1 and 2 in the synthesis of compounds 9 and 10 respectively, whilst under these 
conditions diketone 3 renders two reaction products. The comparison of table 2.13. 
entry 1 and Table 2.14. entry 1, suggest that for substrate 9, continuous flow does 
enhance the reaction as much as microwave18a, 46 (around 90% for batch & 
continuous flow without microwaves). Similarly, in compound 10, this trend is also 
observed (Table 2.13., entry 3 and Table 2.14., entry 3), with a 70% conversion for 
both batch and continuous flow in the absence of microwaves. There is also a 
remarkable effect of the use of microwaves and flow conditions (MACOS), in all 
cases they enhance the reaction a bit further (Table 2.14., entry 1 vs 2 and entry 3 
vs 4). 

Table 2.14. Continuous Flow Microwave/ Non Microwave. Tª=80ºC 

Entry Compound 
number 

Substituents Heating 
mode 

Reaction 
time (min) Conversion (%) 

1 9 R=R”=Me R’=H - 5 87 
2 9 R=R”=Me R’=H MW 5 90 
3 10 R=R”=Me R’=Me - 5 69 
4 10 R=R”=Me R’=Me MW 5 74 

5 11 R=Me R’=H 
R”=Ph - 5 

(3-Me) 100 / (3-Ph) 
- 

6 11 R=Me R’=H 
R”=Ph 

MW 5 (3-Me) 100 / (3-Ph) 
- 

R1 R3

O O

R2

N
N

R3

R1

9: R1= Me; R2= H; R3 = Me
10: R1= Me; R2= Me; R3 = Me
11a: R1= Ph; R2= H; R3 = Me

R2

8: BnNHNH2·HCl

DMSO

11b: R1= Me; R2= H; R3 = Ph

2: R1= Me; R2= H; R3 = Me
3: R1=  Ph; R2= H; R3 = Me

1: R1= Me; R2= H; R3 = Me
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2-Fluorophenylhydrazine hydrochloride 
 
The next example in the study is shown in Scheme 2.6., between the diketones 1, 2 
and 3 and 2-fluorophenyl hydrazine hydrochloride 12. 

  
Scheme 2.6. General reaction in the preparation with 2-fluorophenylhydrazine hydrochloride 12. 

Table 2.15. Conventional Microwave oven. Tª=80ºC 

Entry 
Compound 

number 
Substituents 

Heating 
mode 

Reaction time 
(min) 

Conversion 
(%) 

1 13 R=R”=Me R’=H MW 5 66 
2 13 R=R”=Me R’=H MW 10 72 

3 14 R=R”=Me 
R’=Me MW 5 53 

4 14 R=R”=Me 
R’=Me 

MW 10 63 

5 15 R=Me R’=H 
R”=Ph 

MW 5 
(3-Me) 30 / (3-

Ph) 15 

6 15 R=Me R’=H 
R”=Ph MW 10 

(3-Me) 55 / (3-
Ph) 45 

As in previous cases, the data suggests that the highest rates of conversion are 
obtained for diketones 1 and 2, while 3 takes longer (10 min) to obtain a high 
value. The results in Table 2.15. & 2.16. indicate there is a remarkable impact from 
using flow conditions. The flow regime enhances the reaction further than 
microwave irradiation in batch (for compound 13, Table 2.15. entry 1 vs Table 2.16. 
entry 1, and for compound 14, Table 2.14. entry 3 versus Table 2.16. entry 3), 
where microwave conditions are not necessary to obtain quantitative results (Table 
2.16. entry 5 & 6). For compounds 13 and 14, the addition of microwaves to the 
continuous flow regime (MACOS) does again enhance the conversion (Table 2.16., 
entry 1 vs 2 and entry 3 vs 4). 

Table 2.16. Continuous Flow Microwave/ Non Microwave. Tª=80ºC 

Entry 
Compound 

number 
Substituents 

Heating 
mode 

Reaction time 
(min) 

Conversion 
(%) 

1 13 R=R”=Me R’=H - 5 86 
2 13 R=R”=Me R’=H MW 5 100 
3 14 R=R”=Me R’=Me - 5 83 
4 14 R=R”=Me R’=Me MW 5 100 

5 15 R=Me R’=H 
R”=Ph 

- 5 
(3-Me) 100 / (3-

Ph) - 

6 15 R=Me R’=H 
R”=Ph MW 5 

(3-Me) 100 / (3-
Ph) - 

R1 R3

O O

R2

N
N

R3

R1

13: R1= Me; R2= H; R3 = Me
14: R1= Me; R2= Me; R3 = Me
15a: R1= Ph; R2= H; R3 = Me

R2

12: 2-F-Ph-NHNH2·HCl

DMSO

15b: R1= Me; R2= H; R3 = Ph

F

2: R1= Me; R2= H; R3 = Me
3: R1=  Ph; R2= H; R3 = Me

1: R1= Me; R2= H; R3 = Me
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Pentafluorophenylhydrazine hydrochloride 
 
The last example is shown in Scheme 2.7., for the reaction of diketones 1, 2 and 3 
with pentafluorophenyl hydrazine hydrochloride 16. 

  
Scheme 2.7. General reaction in the preparation with pentafluorophenyl hydrazine hydrochloride 16. 

Table 2.17. Conventional Microwave oven. Tª=80ºC 

Entry 
Compound 

number 
Substituents 

Heating 
mode 

Reaction time 
(min) 

Conversion 
(%) 

1 17 R=R”=Me R’=H MW 5 100 
2 17 R=R”=Me R’=H MW 10 100 

3 18 R=R”=Me 
R’=Me MW 5 100 

4 18 R=R”=Me 
R’=Me MW 10 100 

5 19 R=Me R’=H 
R”=Ph MW 5 (3-Me) 80 / (3-

Ph) 20 

6 19 R=Me R’=H 
R”=Ph MW 10 (3-Me) 80 / (3-

Ph) 20 

The results for the last example are different to the previous compounds, since full 
conversion is achieved with both methodologies. We believe that this reaction would 
show a similar trend to the previous reactions if shorter reaction times had been 
used, but given the fact that one of the objectives at this point was to achieve full 
conversion, these experiments were not performed. 

Table 2.18. Continuous Flow Microwave/ Non Microwave. Tª=80ºC 

Entry 
Compound 

number 
Substituents 

Heating 
mode 

Reaction time 
(min) 

Conversion (%) 

1 17 R=R”=Me R’=H - 5 100 
2 17 R=R”=Me R’=H MW 5 100 

3 18 R=R”=Me 
R’=Me 

- 5 100 

4 18 R=R”=Me 
R’=Me MW 5 100 

5 19 R=Me R’=H 
R”=Ph - 5 (3-Me) 80 / (3-

Ph) 20 

6 19 R=Me R’=H 
R”=Ph MW 5 

(3-Me) 83 / (3-
Ph) - 

 

R1 R3

O O

R2

N
N

R3

R1

17: R1= Me; R2= H; R3 = Me
18: R1= Me; R2= Me; R3 = Me
19a: R1= Ph; R2= H; R3 = Me

R2

16: penta-F-Ph-NHNH2·HCl

DMSO

19b: R1= Me; R2= H; R3 = Ph

F

F

F
F

F

2: R1= Me; R2= H; R3 = Me
3: R1=  Ph; R2= H; R3 = Me

1: R1= Me; R2= H; R3 = Me
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Remarks & Conclusion 
 
In conclusion, we have showed the versatility of NMR as a monitoring technique of 
small volume samples at continuous flow reactions. This has been achieved by 
means of radiofrequency microcoils integrated in glass substrates defining the so-
called “NMR microchip”, which enhanced the sensitivity of the NMR signal. The 
NMR microchip has been hyphenated to a continuous flow microreactor platform, 
defining the Labtrix® Start-NMR setup. The inherent small detection volume of 
these microchips was paramount to being able to analyse the reaction volume as a 
continuous series of portions, which had undergone different reaction conditions. 
The application of the system in a small library of heterocycle compounds allowed 
us to extract kinetic information in a swiftly manner, with just one continuous flow 
experiments. Moreover the Labtrix Start-NMR setup has shown versatility in high-
throughtput chemistry as well as in scale-up processes. 
 
Furthermore, we have studied that the benefits of flow conditions can be matched 
with those of the microwave irradiation, as some authors have suggested46,47e,48 and 
our preliminary data as well.37 It is interesting that higher conversion can be 
obtained when a continuous flow microreactor is supplemented with microwave 
irradiation. In our opinion, further study of different reactions under this same 
methodology should be considered in order to clarify the effect of microwave and 
flow conditions as a whole and as individual methodologies 
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Experimental section 
 
 

NMR spectra for characterization and identification of compounds were recorded on a Varian 
Inova 500 MHz spectrometer in CD3OD at 298 K and at 499.769 MHz and 125.678 MHz for 
1H and 13C NMR, respectively. Chemical shifts were referenced to the solvent peak (CD3OD, 
3.31 ppm). Assignment of spectra was carried out using g-COSY, g-HMQC, g-HMBC, 
TOCSY, NOESY and 13C NMR experiments (19F-decoupled and 1H-decoupled). Two-
dimensional NMR spectra were acquired using 96 scans and 128 increments. The pulse 
programs were taken from the standard Varian pulse sequence library. All spectra were 
Fourier transformed with MestrecNova 9 software. 
 
High-resolution mass spectrometry (HRMS) was carried out with a MALDI TOF (Bruker) for 
compounds 10, 11, 13, 14, 16 and 19; chromatography/electron ionization-mass 
spectrometry (GC/EI-MS) (GCT, Waters) for the derivatives 17 and 18. Commercially 
available starting materials and solvents were used without purification. The melting points 
were performed on a Büchi Melting Point M565 apparatus, calibrated with a specific Bücki 
calibration kit Nº115055018. 
 

Microcoils set-up & design 
 
The microfluidic NMR chips were designed using CleWin Layout Editor version 4.3.3.0 
(WieWeb Software, Hengelo, the Netherlands) and fabricated by Micronit Microfluidics BV, 
Enschede, the Netherlands, using standard microfabrication techniques similar to those 
previously described.3 The chips have a standard format of 1.5 x 4.5 cm, with rounded V-
shaped channels wetetched 500 mm deep in the bottom of a 1.1 mm thick borosilicate glass 
wafer. The diameter of the channel is of 500 mm in the detection area and of 250 mm for the 
rest. Fluidic access holes to these channels were powder blasted also in this wafer. In addition, 
a larger channel was powder blasted along the smaller wetted channel to allow for cooling or 
heating of the main sample channel. A 100 mm thin glass wafer was used to bond to the 
channels. For the fabrication of the electrodes and coils, a Cr/Cu seed layer was applied on 
the backside of this thin glass wafer, and then a 20 mm thick copper layer was applied to 
create the final structured electrodes. Each planar spiral microcoil consists of 32 turns with a 
width and separation of 20 mm and an inner diameter of 250 mm (Figure 2.43.), yielding a 
total detection volume of 25 nL.  

 
Figure 2.43. Microscope picture showing details of the copper microcoil. 
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Hyphenated Labtrix-NMR system. General procedure 
 

The tubing of the Labtrix® Start microreactor (length 30 cm, OD 787 µm, ID 125 µm) was 
connected to a microfluidic NMR-chip through microfluidic connections (fused-silica capillary, 
length 1.2 m, OD 365 µm, ID 100 µm). A microreactor of 20 µL was used. The dimensions of 
the microfluidic NMR chip define a volume underneath the microcoil of 25 nL (detection 
volume). The total volume of the system, from the syringes to the NMR-coil is 50 µl. Overall 
flow rates of 2.5 µL/min and 5 µL/min were used to develop the methodology for isoxazole 
and pyrazole derivatives, respectively, corresponding to 8 min and 4 min for the first volume 
portion to reach the NMR chip, respectively. 
 
Two syringes with the corresponding starting material dissolved in methanol were loaded into 
the hyphenated Labtrix® Start-NMR system at a specific flow-rate and final starting material 
concentration in the reaction mixture of 0.375 M. Whilst on-flow, the reaction temperature 
was set to 100 ºC, with the final temperature reached in 3 minutes. Consecutive and fast 1H 
NMR experiments were launched, starting the acquisition 3 minutes after setting the 
temperature. The 1H NMR acquisition parameters for an experiment with a flow rate of 2.5 
µL/min were: 60 accumulated scans, 1s acquisition time, 0.05 seconds delay time, resulting in 
an NMR experiment time of 1 min, and an accumulated detection volume per NMR 
experiment of 2.5 µL. The 1H NMR acquisition parameters for an experiment with a flow rate 
of 5 µL/min were, 30 accumulated scans, 1 s acquisition time, 0.05 seconds delay time, 
resulting in an NMR experiment time of 0.5 min, and an accumulated volume detected per 
NMR experiment of 2.5 µL. The Labtrix® microreactor used has a volume of 20 µL, which 
can virtually be subdivided in eight 2.5 µL zones that are analysed separately by NMR. 
 
When benzyl hydrazine (8) was used as hydrazine derivative, it was necessary to the quench 
the reaction at the point of its exit. Hence, commercially available acetone was used in a 1:10 
(acetone: reaction mixture) ratio. 
 

Continuous-flow microwave reactions. General procedure 
 
Microwave irradiations were performed in a CEM Discover microwave reactor, replacing the 
reaction vessel by a customized flow-cell. Temperature was monitored during the reaction by 
the standard IR pyrometer included in the microwave reactor. The corresponding 
dimethylsulfoxide solutions of 1,3-diketone and condensation agents were loaded into the 
fused-silica capillary, which defined the reaction volume, using a SGE gas chromatography 
syringe. This capillary (fused-silica capillary length 70 cm; OD 349 mm, ID 100 mm) was 
wrapped around a WeflonTM bar to facilitate the heat up of the small sample volume. The 
capillary was wound in and out of the microwave cavity, defining a reaction volume of 3 µl. A 
flow rate of 1 µl/min was selected in the high-force pump (Harvard Apparatus PHD 2000 – 
71-2000), which controlled the low flow rate in the system. It resulted in a residence time of 3 
minutes. Longer residence times (6 minutes) were obtained just reducing the flow rate, to 
reach full conversion rates to compounds 5 and 6. When the selected reaction temperature 
was 298 K, the microwave reactor was working at 1-7 W of power. The percentage conversion 
rate was calculated by taking samples of the effluent from the capillary, analysing it directly 
by 1H NMR spectroscopy in off-line mode. 
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Continuous-flow conventional heating reactions. General procedure 
 
The corresponding dimethylsulfoxide solutions of 1,3-diketone and condensation agents were 
loaded into a fused-silica capillary, which defined the reaction volume, using a SGE gas 
chromatography syringe. This capillary (fused-silica capillary length 38 cm; OD 349 mm, ID 
100 mm) was introduced in a sand-bath to heat up the small sample volume. The heated 
capillary length defines a reaction volume of 3 µl. A flow rate of 1 µl/min was selected in the 
high-force pump (Harvard Apparatus PHD 2000 – 71-2000), which controlled the flow in the 
system. It resulted in a residence time of 3 minutes. The percentage conversion rate was 
calculated by taking samples of the effluent from the capillary, analysing it directly by 1H 
NMR spectroscopy in off-line mode. 
 

Batch microwave reactions. General procedure 
 

Microwave-assisted reactions were performed in a CEM Discover microwave reactor. 
Temperature was monitored during the reaction by the standard IR pyrometer included in 
the microwave reactor. The corresponding dimethylsulfoxide solutions of 1,3-diketone and 
condensation agents (1 mL volume of reaction, 0.375 M as final concentration) were mixed 
and stirred in a conventional microwave reaction vessel. The mixture was irradiated for 3 
minutes at the corresponding temperatures (25ºC or 80ºC). When the selected reaction 
temperature was 298 K, the microwave reactor was working at 1-7 W of power. The 
percentage conversion rate was calculated by taking samples from the reaction vessel, 
analysing it directly by 1H NMR spectroscopy in off-line mode. 
 

Batch conventional heating reactions. General procedure 
 
The corresponding dimethylsulfoxide solutions of 1,3-diketone and condensation agents were 
mixed and stirred in a small reaction vessel (1 mL reaction volume, 0.375 M as final 
concentration), and heated for 3 min to the corresponding temperatures (298 K and 378 K, 
respectively) in a sand-bath. The percentage conversion rate was calculated by taking samples 
from the reaction vessel, analysing it directly by 1H NMR spectroscopy in off-line mode. 
 

Continuous-flow microwave scale-up reactions in Vapourtec. General procedure 
 
A Vapourtec R2/R4 Flow Reactor & Commander was used for the scale-up reactions. The 
corresponding methanol solutions (1 mL volume of reaction, 0.375 M as final concentration) 
were pumped into the standard flow reactor with an internal volume of 10 mL. The flow rate 
was updated inside the apparatus via the Flow Commander software using the “Arrhenius 
tool” with a reaction time around 2.6 min at 120ºC. The temperature was monitored by the 
standard control included in the flow reactor. The percentage conversion rate was calculated 
by taking samples of the effluent from the capillary, analysing it directly by 1H NMR 
spectroscopy in off-line mode.  
 

Continuous-flow steady state experiment 
 
Control experiments were performed as follows: The Labtrix® Start-NMR hyphenated setup 
was let to reach steady state waiting three times the reactor volume and the data of reagent 
conversion into product was collected for different residence times at a certain temperature. 
In this case, only the model reaction between the 1-phenyl-1,3-butanodione (3) and 
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hydroxylamine hydrochloride (4) was used as a control experiment in methanol. The 
corresponding methanol solutions (1 mL volume of reaction, 0.375 M as final concentration) 
were loaded into the Labtrix Chemtrix system, with the same 20 μL defined reaction volume. 
Temperature values of 80ºC, 90ºC, 110ºC, 130ºC were chosen, discriminating a total of 14 
residence time values for each temperature value. The measurements of the conversion were 
performed by triplicate. For every temperature value, the experiment time was 30 min, 
considering  the triplicate and the four temperature measured, it resulted in a total 
experiment time of 6 hours. 
 

Continuous-flow high-throughput experiments. General procedure 
 
The corresponding methanol solutions (1 mL volume of reaction, 0.375 M as final 
concentration) were loaded into the Labtrix Chemtrix system, with the same 20 μL defined 
reaction volume and at a predetermined temperature and flow rate. Between the syringes and 
the hyphenated Labtrix Start-NMR system we placed an injection valve, Rheodyne model 
7520 with 0.5 μL as sample chamber. In a sample experiment, the 1,3-diketone would be 
flowing through the system and the condensation agent (hydroxylamine or hydrazines) were 
injected into the valve. The problem of inherent dilution of the solutions injected via the 
micro valve was resolved making injection of 2.5 μL at intervals of 0.5 μL, which is the 
volume of the sample chamber of the valve. This volume is not arbitrary, and it was the 
conclusion we reached after considering the SNR of the sample coming out of the NMR 
spectrum. Furthermore, we also use two different methodologies, the continuous injection or 
segmented injection. In the continuous injection methodology, the complete 2.5 μL of injected 
reactant are introduced in the microreactor as a whole (which means injecting 5 × 0.5 μL 
without time lapse between each other). On the other hand, on the segmented injection 
methodology, the same 2.5 μL (0.5 μL × 5) of injected substrates where separated by an equal 
segment of diketone, which at the set flow rate correspond to a 5 min span between 
injections, which we found to be the minimum at the flow rate that we were working on, so 
that we wouldn’t have any mixture among the different injections.  
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Spectroscopy data  
 
3,5-dimethylisoxazole (5)48 

 

Two separated syringes with pentane-2,4-dione (1) 0.75 M and hydroxylamine hydrochloride 
(4) 0.75 M in CH3OH were placed into the Labtrix microreactor at an overall flow rate of 5 
µL/min. (95% conversion). Colourless Oil. 
 
3,4,5-trimethylisoxazole (6)48 

 

Two separated syringes with 3-methyl-pentane-2,4-dione (2) 0.75 M and hydroxylamine 
hydrochloride (4) 0.75 M in CH3OH were placed into the Labtrix microreactor at an overall 
flow rate of 5 µL/min. (95% conversion). Colourless Oil. 
 
3-methyl-5-phenylisoxazole (7a) and 5-methyl-3-phenylisoxazole (7b)49 

        
3-Me   5-Me 

Two separated syringes with 1-phenylbutane-1,3-dione (3) 0.75 M and hydroxylamine 
hydrochloride (4) 0.75 M in CH3OH were placed into the Labtrix microreactor at an overall 
flow rate of 5 µL/min. (95% conversion). Colourless Oil. (It should be noted that the presence 
of the minor regioisomer was more relevant in DMSO that in methanol). 
 
1-benzyl-3,5-dimethyl-pyrazole (9)50 

 
Two separated syringes with pentane-2,4-dione (1) 0.75 M and benzyl hydrazine 
hydrochloride (8) 0.75 M in CH3OH were placed into the Labtrix microreactor at an overall 
flow rate of 5 µL/min. (95% conversion). Colourless Oil. 
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1-benzyl-3,4,5-trimethyl-pyrazole (10)51 

 
Two separated syringes with 3-methyl-pentane-2,4-dione (2) 0.75 M and benzyl hydrazine 
hydrochloride (8) 0.75 M in CH3OH were placed into the Labtrix microreactor at an overall 
flow rate of 5 µL/min. (95% conversion). Colourless Oil. 
 
1-benzyl-3-methyl-5-phenyl-pyrazole (11a)24a, 52 

 
Two separated syringes with 1-phenylbutane-1,3-dione (3) 0.75 M and benzyl hydrazine 
hydrochloride (8) 0.75 M in CH3OH were placed into the Labtrix microreactor at an overall 
flow rate of 5 µL/min. (95% conversion). Colourless Oil. 
 
1-(2-fluorophenyl)-3,5-dimethylpyrazole (13) 

 
Two separated syringes with pentane-2,4-dione (1) 0.75 M and 4-fluorophenylhydrazine 
hydrochloride (12) 0.75 M in CH3OH were placed into the Labtrix microreactor at an overall 
flow rate of 5 µL/min. (96% conversion). Orange liquid. B.p. 81.7ºC.  
 
1H-NMR (CD3OD, ppm): 7.54-7.51 (1H, m, 4’-H), 7.52-7.48 (1H, m, 5’-H), 7.43 (1H, cd, J = 
7.7, 1.4 Hz, 3’-H), 7.32 (1H, td, J = 7.6, 1.5 Hz, 6’-H), 6.11 (1H, s, 4-H), 2.18 (3H, s, 3-CH3), 
2.09 (3H, s, 5-CH3).  
13C-NMR (CD3OD, ppm): 156.6 (2’-C, d, 1JC-F = 250.5 Hz), 131.1 (4’-C-, d, 3JC-F = 8.3 Hz), 
129.7 (5’-C, s), 126.8 (1’-C, d, 2JC-F = 12.0 Hz), 125.6 (6’-C, d, 3JC-F = 3.6 Hz), 117.0 (3’-C, 
d, 2JC-F = 20.5 Hz), 149.37, 142.1 (4º-C), 106.9 (C-4), 13.6 (3-CH3), 11.4 (5-CH3).  
19F-NMR (CD3OD, ppm): -124.2-(-124.3) (1F, m).  
HR-MS, C11H11N2F: calcd: 190.092; found 191.694 (M+1) 
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1-(2-fluorophenyl)-3,4,5-trimethylpyrazole (14) 

 
Two separated syringes with 3-methyl-pentane-2,4-dione (2) 0.75 M and 4-
fluorophenylhydrazine hydrochloride (12) 0.75 M in CH3OH were placed into the Labtrix 
microreactor at an overall flow rate of 5 µL/min. (95% conversion). Colourless Oil.  
 
1H-NMR (CD3OD, ppm): 7.60-7.50 (1H, m, 4’-H), 7.50-7.40 (1H, m, 5’-H), 7.44 (1H, td, J = 
8.0, 2.0 Hz, 3’-H), 7.35 (1H, t, J = 7.6 Hz, 6’-H), 2.16 (3H, s, 3-CH3), 2.03 (3H, s, 5-CH3), 
1.93 (3H, s, 4-CH3).  
13C-NMR (CD3OD, ppm): 156.3 (1’-C, d, 1JC-F = 249.5 Hz), 131.1 (4’-C, d, 3JC-F = 8.6 Hz), 
129.4 (5’-C, s), 126.1(1’-C, d, 2JC-F = 11.9 Hz), 125.3 (6’-C, d, 3JC-F = 4.0 Hz), 116.7 (3’-C, d, 
2JC-F = 18.6 Hz), 147.4, 138.9, 112.7 (4º-C), 11.3 (3-CH3), 9.6 (5-CH3), 7.74 (4-CH3).  
19F-NMR (CD3OD, ppm): -124.2-(-124.3) (1F, m).  
HR-MS, C12H13N2F: calcd: 204.105; found 205.724 (M+1) 
 
1-(2-fluorophenyl)-3-methyl-5-phenyl-pyrazole (15a) 

 
Two separated syringes with 1-phenylbutane-1,3-dione (1) 0.75 M and 4-
fluorophenylhydrazine hydrochloride (12) 0.75 M in CH3OH were placed into the Labtrix 
microreactor at an overall flow rate of 5 µL/min. (99% conversion). Brown oil.  
 

1H-NMR (CD3OD, ppm): 7.81-7.79 (2H, m, 2’’-H, 6’’-H), 7.60- 7.58 (1H, m, 5’-H), 7.58-7.56 
(1H, m, 4’-H), 7.41-7.39 (1H, m, 6’-H), 7.40-7.39 (2H, 3’’-H. 5’’-H), 7.39-7.38 (1H, m, 3’-H), 
7.34-7.31 (1H, m, 4’’-H), 6.66 (1H, s, 4-H), 2.24 (3H, s, 3-CH3).  
13C-NMR (CD3OD, ppm): 158.7 (2’-C, d, 1JC-F= 250.0 Hz), 154.1 (5-C), 144.3 (3-C), 134.3 
(1’’-C), 132.4 (4’-C, d, 3JC-F= 7 Hz), 130.7 (5´-C), 129.8 (3’’-C, 5’’-C), 129.3 (4’’-C), 128.5 (1’-
C, d, 2JC-F= 13 Hz), 126.9 (2’’-C, 6’’-C), 126.3 (6’’-C, d, 3JC-F = 4Hz), 117.8 (3´-C, d, 2JC-F= 
20 Hz), 104.5 (4-C), 9.8 (CH3). 
19F-NMR (CD3OD, ppm): -124.03-(-124.1) (1F, m). 
HR-MS, C16H13N2F: calcd: 252.105; found 253.326 (M+1) 
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1-pentafluorophenyl-3,5-dimethylpyrazole (17)53  

 
Two separated syringes with pentane-2,4-dione (1) 0.75 M and 2,3,4,5,6- 
pentafluorophenylhydrazine hydrochloride (16) 0.75 M in CH3OH were placed into the 
Labtrix microreactor at an overall flow rate of 5 µL/min. (96% conversion). Brown liquid. 
B.p. 90.3ºC.  
 
1H-NMR (CD3OD, ppm): 6.18 (1H, s, 4-H), 2.26 (3H, s, 3-CH3), 2.17 (3H, s, 5-CH3). 13C-
NMR (CD3OD, ppm): 153.3 (3-C), 145.5 (2’-C, 6’-C,, ddt, 1J C-F = 254.5 Hz,  2J C-F = 13 Hz,  
3J C-F = 4 Hz), 144.8 (5-C), 143.6 (4’-C, dtt, 1J C-F = 255 Hz,  2J C-F = 14 Hz,  3J C-F = 4 Hz), 
139.4 (3’-C, 5’-C, dddd, 1J C-F = 252.5 Hz,  2J C-F = 13 and 14 Hz,  3J C-F = 4 Hz), 115.7 (1’-
C), 107.9 (4-C), 13.4 (3-CH3), 10.6 (5-CH3). 
19F-NMR (CD3OD, ppm): -148.5 (2F, 3’-F, 5’-F, bd, 3JF-F = 16.5 Hz), -154.9 (1F, 4’-F, tt, 
3JF-F = 22.6.0 Hz, 4JF-F = 3.7 Hz,), -164.1 (2F, 2’-F, 6’-F, td, 3JF-F = 19.0 Hz,  4JF-F = 3.7 Hz).  
HR-MS, C11H7N2F5: calcd: 262.055; found 262.0522. 
 
1-pentafluorophenyl-3,4,5-trimethylpyrazole (18) 

 
Two separated syringes with 3-methyl-pentane-2,4-dione (2) 0.75 M and 2,3,4,5,6- 
pentafluorophenylhydrazine hydrochloride (16) 0.75 M in CH3OH were placed into the 
Labtrix microreactor at an overall flow rate of 5 µL/min. (95% conversion). Orange solid. 
M.p. 79.9-80.6 ºC.  
 
1H-NMR (CD3OD, ppm): 2.22 (3H, s, 3-CH3), 2.10 (3H, s, 5-CH3), 2.01 (3H, s, 4-CH3).  
13C-NMR (CD3OD, ppm): 150.8 (C-5),145.5 (2’-C, 6’-C , ddt, 1J C-F = 252.4 Hz,  2J C-F = 12 
Hz,  3J C-F = 4 Hz), 143.4 (4’-C, dtt, 1J C-F = 255 Hz,  2J C-F = 13 Hz,  3J C-F = 4 Hz), 140.0 
(3-C) 139.4 (3’-C, 5’-C, dddd, 1J C-F = 254 Hz,  2J C-F = 12 Hz and 13 Hz,  3J C-F = 4.0 Hz), 
116 (1’-C), 113.5 (C-4), 10.3 (3-CH3), 7.7 (5-CH3), 6.4 (4-CH3).  
19F-NMR (CD3OD, ppm): -148.7 (2F, 3’-F, 5’-F, bd, 3JF-F = 17 Hz), -155.3 (1F, 4’-F, tt, 3JF-F 
= 19.0 Hz, 4JF-F = 2.8 Hz,), -164.3 (2F, 2’-F, 6’-F, td, 3JF-F = 18.8 Hz, 4JF-F = 3.7 Hz).  
HR-MS, C12H9N2F5: calcd: 276.07; found 276.0680. 
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1-pentafluorophenyl-3-methyl-5-phenyl-pyrazole (19a)54 

 
Two separated syringes with 1-phenylbutane-1,3-dione (3) 0.75 M and 2,3,4,5,6- 
pentafluorophenylhydrazine hydrochloride (16) 0.75 M in CH3OH were placed into the 
Labtrix microreactor at an overall flow rate of 5 µL/min. (99% conversion). Yellow oil.  
 
1H-NMR (CD3OD, ppm): 7.42 (1H, tt, J = 5.0, 1.0 Hz, 4’’-H), 7.34-7.31 (2H, m, 3’’-H, 5’-H), 
7.25-7.22 (2H, m, 2’’-H, 6’’-H), 6.49 (1H, s, 4-H), 2.34 (3H, s, 3-CH3).  
13C-NMR (CD3OD, ppm): 152.3 (5-C), 147.6 (3-C), 145.2 (3’-C, 5’-C, ddc, 1J C-F = 254 Hz,  
2J C-F = 14 Hz,  3J C-F = 4 Hz), 143.3 (4’-C, dtt, 1J C-F = 255 Hz,  2J C-F = 13 Hz,  3J C-F = 4 
Hz ), 139.1 (2’-C, 6’-C, dddd, 1J C-F = 252.5 Hz,  2J C-F = 14 Hz and 13 Hz,  3JC-F= 4 Hz,  ), 
130.0 (3’’-C, 5’’-C), 129.7 (4’’-C), 128.6 (2’’-C, 6’’-C), 126.6 (1’’-C), 11.4 (3-CH3).  
19F-NMR (CD3OD, ppm): -147.6 (2F, 3’-F, 5’-F, bd, 3JF-F = 18.0 Hz), -154.1 (1F, 4’-F, tt, 
3JF-F = 22.4 Hz, 4JF-F =3.7 Hz), -163.3 (2F, 2’-F, 6’-F, td, 3JF-F = 19.3 Hz, 4JF-F = 3.7 Hz).  
HR-MS, C16H9N2F5: calcd: 324.068 found: 324.899 
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Continuous flow synthesis and reactivity of  
pyrrolo[1,2-c]pyrimidine scaffolds as epigenetic agents 

 
 
 

he second part of this chapter is based on a pre-doctoral stay of six months at 
Durham University within the research group of Prof. Ian R. Baxendale and 

under the supervision of Dr Marcus Baumann. The main purpose of this stay was to 
strengthen my skills in the area of modern Synthetic Organic Chemistry. 
Furthermore, we envisaged to generate new chemical entities with promising 
biological activities using flow based procedures. 
 
The Baxendale groups experience in the field of Synthetic Organic Chemistry 
interrelated with flow chemistry has allowed me to better appreciate the impact of 
flow chemistry during this last decade in the generation of molecules of biological 
interest. This has provided a completely different approach to my experience in my 
home group, where flow methodologies are applied differently and for other 
purposes. The positive impact of continuous flow Organic Synthesis has been 
covered by many review articles,55 and consequently turned it from an academic 
curiosity to a highly regarded toolbox for modern Synthetic Chemistry. This pre-
doctoral stay thus has helped me to shift my personal attitude towards Organic 
Synthesis, and although I appreciate new ways of accessing new compounds more 
easily by adapting Organic Chemistry to flow conditions. I also believe that the 
purpose of this strategic change has to focus on solving unmet synthetic challenges.56 
I believe this approach is very well exemplified in recent examples in the literature.57 
 
2.4 Previous work 
 
Today, the development of continuous flow chemistry is starting to grant entry to 
new chemical entities that were either not accessible, or traditionally require very 
harsh reaction conditions.57-58 In the past, the use of dangerous conditions often 
necessitated the immediate scaling down of a process, normally because these 
reactions require a higher degree of control to maintain a safe working environment, 
but flow chemistry can mitigate these and other safety concerns.  
 
There are multiple examples regarding the controlled use of dangerous chemicals in 
the literature under flow conditions,58 and some of the most prominent examples are 
related to the manipulation of gases such as O2,59 O3,60 H2,61 CO,62 CO2

63
 or F2

64
 

(some of which are generated in situ with the series of X-Cube flow equipment, 

T 

International Doctorate Program 
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Figure 2.44.), although fluorination reactions in flow are more typically seen with 
easier to handle reagents such as DAST65 or Selectfluor66.  

 
Figure 2.44. H-cube (left), O-cube (right) 

Even chemical substances such as phosgene (WWI chemical weapon) have been used 
in flow.67 Yoshida et al. have extensively studied the use of highly reactive 
organometallic compounds.68 Furthermore, the industrial in situ generation of HCN 
towards the synthesis of isochromenones,69 or the use of hydrazoic acid for the 
synthesis of 1H-tetrazoles, or carboxamides depending on the experimental 
conditions, under high pressure and temperature are excellent examples of how flow 
chemistry can allow formerly forbidden chemistries to be employed under modified 
conditions and using new reactors.70 In addition the use of high pressures and 
temperatures which can be considered hazardous have been studied by several 
authors and shown to be manageable in flow.46b, 47a, 71 Several compounds, such as 
azides (unstable compounds prone to explosive decomposition) have been intensively 
explored using flow conditions, especially in the formation of 1,2,3-triazoles,72 the 
synthesis of carbamoyl azides73 or within the sequence of the Curtius 
rearrangement.74 Additional examples can also be found in the literature, including 
nitration75 and bromination reactions.76  
 
 Treatment of hazardous reagents. Use of Isocyanides 
 
As mentioned, one of the advantages of flow over batch conditions is the possibility 
of in-situ formation and utilization of reactive species. In this regard, isocyanides are 
considered one of the most versatile building blocks in modern organic chemistry for 
the construction of nitrogen-based heterocycles.77 The chemistry of isocyanides is 
very rich, mostly because the isocyanide carbon atom can react with both 
nucleophiles and electrophiles, it can also participate in radical reactions and it is 
capable of coordinating to metals. Isocyanides are one of the main components in 
many well-known multicomponent reactions, including the Ugi and Passereni 
reactions, and their interesting nature is also combined with high synthetic utility, 
since they usually lead to bioactive compounds.78 Moreover, the Ugi reaction has 
successfully been performed in flow, either by generating the isocyanide in-situ79 or 
by initially adding it to the reaction mixture.80 
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However historically, the infamous odour of most of these compounds normally 
discourages chemists from working with them. First described as isomers of 
cyanides81 independently by Gautier82 and Hoffmann,83 isocyanides were observed in 
the reaction of silver cyanide with alkyl iodides and in the carbylamine reaction 
(this reaction produces the isocyanide moiety via a carbene reaction under phase 
transfer conditions, PTC84), it was not until the development of the carbylamine 
reaction under phase-transfer conditions85 or their isolation from the dehydration of 
formamides with phosgene86 that they were seen as a reliable starting materials for 
synthesis. 
 
Probably the most common preparative procedure starts with the formylation of a 
primary amine followed by dehydration of the resulting formamide (Scheme 2.8.). 
The dehydration reaction can conducted with a selection of substrates such as 
phosphorus oxychloride,87 triphosgene,88 cyanuric trichloride,89 phenylchloro-
thionoformate90 and the Burgess reagent.91 

 
Scheme 2.8. Synthetic route to isocyanides from primary amines 

Alternatively, the synthesis of isocyanides can also be performed starting from 
oxazoles, by treatment with n-butyl lithium and quenching the resultant anion with 
an electrophile.92 Polymer-supported reagents can also be used, as shown by Ley et 
al. who used a solid supported phosphinamine in other to obtained analytically pure 
isocyanides, which could be directly used in subsequent Ugi reactions.93 
 
Our objective within our research was to perform the synthesis of a series of 
heterocyclic building blocks, the pyrrolodiazines (Scheme 2.9.). This family of 
compounds can be used as intermediates in the synthesis of novel heterocyclic 
scaffolds, which have shown antitumor activity.94 

 
Scheme 2.9. Pyrrolodiazines & pyrrolopyrimidine structure 

These heterocycles contain a bridgehead nitrogen atom and can be considered as aza 
analogues of indolizines whose relevance is well documented in the alkaloid 
literature.95 The chemistry and therapeutic effects of all these bicyclic heterocycles 
has, however, remained unexplored due to a lack of efficient synthetic routes. 
Moreover, they represent a family of compounds that are currently being studied as 
small molecules with epigenetic effects due to their ability to interchelate DNA. 
  
Epigenetic, which literally means “above genetics”, has emerged in the last decade as 
a promising field in biology and focuses on studying the inheritable changes in gene 
expression that do not involve any alteration in the DNA sequence of the 
individuals.96 The role of the epigenetic state of a cell is under intense study since it 
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seems to control the necessary response to the changes imposed by the environment, 
which has led to identification of the important role it plays in diseases related to 
diet,97 lifestyle, early life experiences, and environmental exposure to toxins (even 
from previous generations).98 There are several interdependent molecular mechanism 
that contribute to the epigenetic gene regulation, among which we can find the 
covalent modification of histones.99 Certain types of proteins, the bromodomain-
containing proteins, act as readers of these histone covalent modifications, mostly 
methylation and acetylation at specific residues, which depending on the 
combination has been associated with the activation or silencing of DNA activity, 
such as transcription of proteins, DNA repair or recombination.100 Due to these facts 
and its newfound importance, the chemical community has focused their attention 
to understand these processes, finding that small molecules could act as modifiers 
not only this bromodomain family,101 but also a wider group of protein 
interactions.96, 102 
 
Thus we describe a flow approach for the synthesis of pyrrolo[1,2-c]pyrimidine 
compounds. These systems, although rare in nature, have been described in marine 
alkaloids derivatives,103 or in the variolin family of alkaloids that have also shown 
antitumor and antiviral activity.104 The synthetic route we use is depicted below 
and involves a reaction between glycine-derived isocyanides and 2-
pyrrolocarboxaldehydes (Scheme 2.10.).105 

 
Scheme 2.10. Proposed mechanism towards the preparation a pyrrolo[1,2-c]pyrimidine moiety. 

This reaction provides a simple and efficient route to these systems, but with a 
reported overall yield of only 40% (greatly improving the very first reaction with a 
1% yield),106 accessing large amounts of material is troublesome, which we believe 
would greatly be improved through the use of flow chemistry. 
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2.5 Results and discussion 
 
In the following sections, the different sequences of steps that lead to the synthesis 
of the pyrrolo[1,2-c]pyrimidine moiety are presented. Furthermore, several strategies 
for the functionalization of this scaffold will be discussed. 
 

Formylation reaction of the amino acid source 
 
As mentioned before, one of the most common routes towards the synthesis of an 
isocyanide is the dehydration of the corresponding formamide. In this case, the route 
starts with an amino acid derivative such as the ethyl ester of glycine (20) (Scheme 
2.11.). 

 
Scheme 2.11. General reaction scheme in the obtention of the formylated product 21. 

Resulting from the development of the Merrifield synthesis of peptides,107 the 
synthesis of amino acids has been developed up to the industrial scale. Furthermore, 
the formylation reaction has been extensively studied for its application as a 
protecting group in the synthesis of peptides, which allows us to choose from several 
economic methods including orthoformates,108 ammonium formate,109 and other 
convenient sources110 avoiding the use of formic acid. The results for the chosen 
substrate are shown in Table 2.19.  

Table 2.19. Overview on the experimental conditions in the formylation reaction. 

Entry Reactant Method Solvent Tª 
(ºC) 

t 
(min) Ratio Conv. 21 

(%) 
1 Ethyl formate C.H. DCM 80 100 1:1 traces 

2 DMF C.H. DMF 80 100 20:1 75 

3 Ethyl  
formate 

M.W. DCM 135 10 1:1 20 

4 M.W. E.formate 135 10 20:1 8.3 

5 Ammonium 
formate 

C.H. CH3CN 85 180 1:1 86 

6 C.H. CH3CN 85 180 1:2 93 

Initially, we wanted to explore the possibility of using ethyl formate as the reagent 
to perform the reaction. However, from the beginning none of the conditions used 
with this substrate gave good results, even the change of the heating mode did not 
have a considerable effect on the result of the reaction. Dimethylformamide (DMF) 
as the formylation reagent renders very good results, but the purification of the 
reaction mixture towards the next step in the reaction encounters some difficulties. 
The best reaction conditions were found to be the use of ammonium formate, and 
the reason may be due to the formation of formic acid under the experimental 
conditions. A plausible mechanism is depicted in Scheme 2.12.  
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Scheme 2.12. Proposed mechanism in the case of ammonium formate as the formylation reagent. 

Moreover, the procedure using ammonium formate proved to be scalable to 700 
mmol. Overall, from the environmental point of view, it avoids the use of toxic 
reagents and it also involves a less troublesome workup procedure, compared to 
using DMF. 
 

Formation of Isonitrile. Dehydration of the N-Formyl derivative  
 
For most of the routes towards isocyanide (23), we have to consider that one of the 
problems comes not only from the use of toxic or hazardous reagents, but the 
creation of by-products that can be difficult to remove. In this work, we have 
focused on the use of triphosgene (bis-trichlorometyl carbonate or BTC) under flow 
conditions, as a replacement for phosgene, which also renders one of the few 
examples where the by-products are simply: CO2 and HCl. The properties of 
triphosgene are well documented in the literature as a precursor to phosgene, which 
is the active species following fragmentation. The mechanism for the release of 
phosgene from triphosgene is depicted in Scheme 2.13.111 

 
Scheme 2.13. Decomposition mechanism of triphosgene into phosgene, the active reagent. 

Scheme 2.14. shows one plausible mechanism for the dehydration reaction and the 
role of phosgene is depicted.112 

 
Scheme 2.14. Proposed mechanism in the dehydration reaction towards the isocyanide compound 22. 
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As mentioned, phosgene was used in WWI as a chemical weapon, so the working 
conditions must address the dangerous character of the reactant, which is why we 
considered flow conditions to be an appropriate solution. Moreover, we would be 
using triphosgene, a crystalline stable solid, to generates and use the reactant in-
situ, which overall would minimise the exposure of hazardous chemicals to the 
operator. Furthermore this reaction did have a strong dependence on the solvent, 
and although not a green solvent, DCM was the best choice of solvent in which the 
reaction was found to work well. This fact is important as the choice of solvent 
would determine if telescoping of further reaction steps was a potential option.  For 
a comparison of results, we also performed the reaction with triphosgene under the 
reported experimental conditions together with some other reported dehydrating 
reagents Table 2.20. 

Table 2.20. Overview on the experimental conditions in the isocyanide formation. 
Entry Agent T (ºC) Time (h) Conv. 22(%) 

1 Triphosgene, DCM, DMAP, NEt3 -20 5 83 
2 POCl3, DCM, DMAP, NEt3 -20 1* -- 
3 TsCl, DMAP, NEt3 50 3* -- 

*following typical experimental procedures for this reactants 

As can be seen from the experimental conditions under the conventional conditions 
we require a relatively long reaction times and the reaction must be maintained 
under cryogenic conditions, due to the exothermic nature of the reaction. However, 
the reaction using other alternative reagents did not result the desired product. We 
did not try to reproduce the POCl3 reaction, but its result may be biased, since the 
source of the reagent was not in optimal conditions, due to possible hydrolysis of the 
reactant if it is not properly stored or in its aging process. On the other hand, when 
the reaction was performed under flow conditions, due to the better heat transfer, 
the reaction can be conducted at room temperature, which shortens the reaction 
time considerably. The system for the dehydration-flow process is depicted in 
Scheme 2.15. 

 

Scheme 2.15. Schematics on the flow system utilised to perform the isocyanide formation. 

In the first round of experimental conditions we performed the reaction with the 
reactor under cryogenic conditions, in order to compensate for its potential 
exothermic behaviour. At this point, we also noticed the formation of the amine 
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hydrochloric salt, which if not addressed could lead to a blockage of the flow 
reactor. We solved this problem by changing the base to diisopropylethylamine 
(DIPEA), whose HCl-salt has a higher solubility in DCM. The complete set of 
results are shown in Table 2.21. 

Table 2.21. Overview on the experimental conditions in the continuous flow reaction in the formation of 
the isocyanide derivative. 

Entry Ratio Base T (ºC) Time (min) Conv. 22 (%) 

1 3:1 1 eq. NEt3* 0 30 -- 

2 3:1  1 eq. DIPEA* 0 30 -- 

3 3:1  2 eq. DIPEA* 25 30 57 

4 2:1  2eq. DIPEA* 25 30 59 

5 3:1 2eq. DIPEA / 0.1 eq. DMAP 25 30 78 

6 3:1 2eq. DIPEA / 0.1 eq. DMAP 25 20 73 

7 3:1 2eq. DIPEA / 0.3 eq. DMAP 25 30 91** 

8 3:1 2eq. DIPEA / 0.3 eq. DMAP 25 20 88** 

*starting materials from the DMF procedure. **Isolated yield at 100 mmol scale. 

The starting materials for this reaction were coming from the formylation procedure 
that we previously described above. During the first trials we used the formamide 
from the DMF procedure and, in that procedure, DMAP (4-dimethylaminopyridine) 
acted as the catalyst for the reaction. Later on, we discovered that the dehydration 
reaction was also catalysed by DMAP or NMM (N-Methylmorpholine),113 but 
during these initial trials, we found the reaction to be in unreliable, which we 
ascribe to the presence of this catalyst in the reaction mixture. This was confirmed 
when we started adding DMAP deliberately, leading to good conversions under 
room temperature for those reaction conditions. The reaction time was also tested, 
and we found that with an increase of DMAP (from 10 to 30%), the reaction could 
be performed rapidly generating excellent results. The ratio summarised in the table 
is related to the proportion of triphosgene and formamide used. 
 
We considered these conditions suitable to perform the condensation between the 
isocyanide and the pyrrolecarbaldehyde to form the desired pyrrolopyrimidine in 
flow.  
 

Condensation reaction: formation of the pyrrolo[1,2-c]pyrimidine 
 
The next step in the synthesis of the pyrrolo[1,2-c]pyrimidine (24) involves the 
reaction of the isocyanide obtained through the previous steps with 2-
pyrrolocarbaldehyde, a synthetic route that we found described in the literature 
(Scheme 2.16.). 
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Scheme 2.16. General reaction scheme in the condensation reaction towards compound 24. 

In the first instance, we found that the reaction tolerates various solvents, from 
THF, which was the described solvent, to DCM. In this aspect, we performed the 
reaction under the conventional procedure and obtained results, which confirmed 
those reflected in the previous work, but the reaction times involved were unfeasible 
under flow conditions. For this reason we performed this key step first in a 
microwave reactor and found that the reaction time could be significantly shortened 
with an increase in the reaction temperature. The results for this optimization are 
presented in Table 2.22. 

Table 2.22. Overview on the experimental conditions for pyrrolo[1,2-c]pyrimidine 24 in DCM. 
Entry Base T (ºC) time (min.) Conv. 24(%) 

1 NEt3 70 30 50 

2 TMG 70 30 55 

3 N-Methyl piperazine 70 30 63 

5 DBU 70 30 78 

5 Piperidine 70 30 93*/85 

*scale of the reaction was below 1 mmol 

As such, the best results are obtained with less basic amines catalysts. In terms of 
performance, DBU and piperidine were optimal and were next tried in flow. The 
piperidine reaction was preferred as it gave the easiest workup procedure. The use of 
microwave irradiation showed that only a 30 min reaction time was sufficient to 
obtain the product in very high yields (around 80% in conversion, and 75% isolated 
yield). Prolonging the reaction time did not increase the yield, but instead led to the 
decomposition of the starting materials or hydrolysis of the intermediates was 
observed. Furthermore, the same reaction was performed under flow conditions with 
DBU and piperidine with similar experimental conditions, obtaining comparable 
results to those attained under microwave irradiation. The schematic for the flow 
conditions of the condensation reaction is depicted in Scheme 2.17. 
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Scheme 2.17. Schematics on the flow system utilised to perform the condensation reaction. 

Once both reaction sequences had been worked out under flow conditions, we 
attempted to unite them as a single flow process, which would enable us to perform 
both steps of the pyrrolopyrimidine synthesis without the need for manipulation of 
the isocyanide intermediate. The fact that both reactions work with the same 
solvent, DCM, facilitates the telescoping. The working flow scheme for the set-up is 
shown in Scheme 2.18. 

 
Scheme 2.18. Schematics on the combined flow system to perform the telescoped condensation reaction. 

Consequently the reaction was performed flowing a mixture of formamide, DMAP 
and DIPEA, which would react with a stream of triphosgene to form the isocyanide 
in the reactor under the experimental conditions as previously determined. Without 
further purification, the resulting isocyanide stream unites with a further stream of 
2-pyrrole carbaldehyde and the amine catalyst. During the development of this 
work, the nature of the reactants made us realise the intricate balance that 
determined the outcome of this reaction. A problem arose from unreacted substrates 
and the pH of the flow streams. As mentioned, the flow stream of the isonitrile 
needs to maintain a basic pH, whilst depending on the concentration of the 
solutions, we found that blockages could occur due to the precipitation of amine 
hydrochloride salts. Moreover, if this type of problem remained unchecked for the 
second step of the reaction, we observed malfunctions in the flow system, which we 
believe could be happening from the polymerisation of the 2-pyrrole carbaldehyde. 
In some cases, this problem resulted in the necessity to replace the coiling of the 
flow reactor, due to severe clogging issues. These clogging issues can only be 
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prevented adding a slightly excess of the base, and preventing the completion of the 
reaction to form the isocyanide, otherwise some of the phosgene could react with the 
pyrroles moiety. The actual working system is depicted in Figure 2.45. 

 
Figure 2.45. Pictured combined flow system (Vapourtec R2-R4 unit with an additional pump) utilised in 

the telescoped synthesis of the pyrrolopyrimidine structure. 

The results obtained for the most informative reaction conditions are collected in 
Table 2.23. 

Table 2.23. Overview on the flow experimental conditions for compound 24 in the telescoped procedure. 
Entry Temp (ºC) Time (min) Base % DMAP Conv. 24 (by NMR) 

1 RT-70 30-30 DBU 10 51 
2 RT-75 30-30 DBU 10 31 

3 RT-85 30-30 DBU 10 58 

4 RT-90 30-30 DBU 10 7.5 

5 RT-70 30-30 DBU 30 54 

6 RT-70 10-40 DBU 30 49 

7 RT-100 10-15 DBU 30 58 

8 RT-70 15-30 Piperidine 30 70* 

9 RT-85 15-25 Piperidine 30 68* 

10 RT-90 15-25 Piperidine 30 65* 
11 RT-100 15-25 Piperidine 30 60* 

*performed both with the R2-R4 unit (Figure 2.45.) and the Polar Bear hyphenated reactor (Figure 
2.46.). 

The crude reaction mixtures were analysed by NMR for the disappearance of the 2-
pyrrole carbaldehyde and the formation of the desired product. These results, 
although modest in value, represent the yield over a two-step reaction. Given that 
each reaction performs around the 85% in term of conversion; the theoretical 
maximum value we could expect would be 72%. We found that if the pH is 
controlled well and the systems is checked for the formation of blockages, the 
reaction performs reasonable close to the maximum found value (table 2.23., entry 
8). Again if the system is pushed out of the optimal conditions in temperature, even 
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TLC of the crude reaction mixture started to show signs of decomposition products, 
which was then confirmed by NMR. However, under the best conditions, the 
productivity of this system was not very good, obtaining only around 0.5 g/hr. 
 
In an attempt to study both reproducibility and scalability, we linked the R2-R4 
Vapourtec flow system to the Polar Bear Plus system (Figure 2.46.), which allows 
the evaluation of reactions temperature from -40ºC to 150ºC.114 The system 
performed very similarly to previous experiments, and it also proved to be a good 
scale-up option, improving the productivity of the pyrrolo[1,2-c]pyrimidine product 
up to 2.5 g/hr. In this case, due to the elevated amount of products, the exit stream 
of product needed to be quenched with water after exiting the Polar Bear reactor in 
order to avoid possible clogging the BPR with the amine salt. 

 
Figure 2.46. Pictured combined flow scale-up system (Vapourtec R2-R4 unit with the Polar Bear Plus 

system) utilised in the telescoped synthesis of the pyrrolopyrimidine structure. 

 Reactivity exploration. Obtention of a small library of derivatives  
 
During my research stay in Durham, the other objective of the project was to 
understand the chemical behaviour of the substrate that we would be working on in 
order to be able to perform modifications on the structure. For this purpose, we 
established two procedures to perform the desired modification on the pyrrolo[1,2-
c]pyrimidine scaffold (Scheme 2.19.). For the most part, the generation of these 
compounds were performed under batch conditions unless stated otherwise. 

 
Scheme 2.19. Different possibilities in the exploration of substituted compounds based on the 

pyrrolopyrimidine moiety. 
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Modification on the pyrrole ring 
 
In essence, two options were envisaged to either functionalise the pyrrole ring or the 
pyrimidine moiety. The desired substitution pattern, which we wanted to access, 
were provided based on previous research in the group, requiring substitution at 
position C-5 of the pyrrole moiety or in the C-7 of the already synthesised product. 
As the aliphatic appendage could easily be derived from the ester moiety at C7, the 
main focus rested on functionalising C5 of the pyrrole subunit. 
 
The literature contained examples highlighting the different reactivity patterns of 
the pyrrole nucleus;115 the introduction of a bromine substituent was thus chosen as 
the path for functionalising of the pyrrole moiety, since similar pyrrole derivatives 
had been described in the literature.116 As we explored the reactivity of this 
heterocycle, we found that the direct bromination with NBS of the aldehyde 
derivative did not yield the desired C-5 bromination product, but the C-4 
bromination product (25a) as the major compound (Scheme 2.20.). 

 
Scheme 2.20. General schematic on the bromination reaction of the 2-pyrrole carbaldehyde with NBS. 

The results for this reaction are summarised in Table 2.24. It should be noted that 
we also explored other experimental conditions, from which we found that the 
reaction time for these derivatives was not crucial due to its high reactivity. 
However, the temperature of the solution when adding the NBS was important; the 
reaction needed to be cooled with an ice/brine cooling bath. At room temperature 
this reaction produced a tar-like reaction product, which we associated with the 
polymerization or secondary reaction of the pyrrole. 

Table 2.24. Overview on the experimental conditions for the bromination of the pyrroles moiety. 
 

*traces of 25b & 25c detected by NMR & MS. 

The use of elemental bromine to perform the reaction was also explored, and 
although the reaction result proved to render a near-quantitative conversion (>95% 
obtained yield), the product obtained was not the desired C-5 product, but the di-
brominated product (25c) in C-4 and C-5 exclusively (Scheme 2.21). In the case of 
using 1 eq. of bromine, the product of the reaction remained the same, however the 
reaction didn’t produce such a good conversion into the products. 
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Scheme 2.21. General schematic on the bromination reaction of the 2-pyrrole carbaldehyde with Br2. 

With these brominated derivatives of the pyrrole in hand, we decided to test the 
previously established condensation with the isocyanide, in order to see if the 
performance of the reaction changes due to the presence of the extra bromine 
substituents (Scheme 2.22.). 

 
Scheme 2.22. General schematic on the condensation reaction with the brominated pyrroles obtained. 

Interestingly, we found that the introduction of substituents from compound 24 
(the basic structure with yields up to 85-90%), led to diminished yields for 
subsequent derivatives 26 & 27 (71 and 21% respectively), which is most likely due 
to the presence of the bulky bromine atom in the cyclisation step.  
 
 Modification on the pyrrolo[1,2-c]pyrimidine scaffold 
 
Due to the difficulties observed in the treatment for certain pyrrole derivatives, their 
reduced reactivity and the formation of undesired products, we decided to focus our 
attention on the reactivity and modification of the basic structure 24 in order to 
generate various derivatives. 
 
This was prompted due to the extensive literature examples that showed the nucleus 
gave very good disposition towards electrophic substitution on the ring at the 
desired position.105b, 117 It was cited that upon treatment of product 24 with 1 eq. of 
NXS or an electrophile, the reaction primarily renders one halogenated derivative 
with very high conversion. However, the assignment to which isomer was obtained, 
the 5-X or the 7-X, required further work. Rapidly a second substitution occurred at 
the other reactive position in the moiety. Using this approach we prepared a series 
of products, which are shown in Scheme 2.23. 

Scheme 2.23. Obtention of halogenated pyrrolo[1,2-c]derivatives.  
Conversion/yields are calculated for individual steps. 
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In respect to the structural confirmation and assignment, it was initially performed 
using NMR & MS data. However, during the development of this work, an X-ray 
crystal from a compound based on 29 (Figure 2.47., compound 39), contradicted 
the initial substitution pattern that we had assigned, making the 7-X regioisomer 
the predominant product. Further study of other related compounds in this series 
indicate that there seems to be no NMR trends to reliable make the assignment 
distinguishing between the regioisomers, and hence only X-ray structures are reliable 
indicators. In an attempt to understand the situation, we performed DFT 
calculations optimised the halogenated systems, with both structures coming from 
the intermediate and the final products that arise from substitution at each position 
(Scheme 2.24.).  

   
Scheme 2.24. General schematic of the DFT calculations performed on the electrophilic attack on the 

pyrrolopyrimidine moiety. 

The data collected in Table 2.25., indicates that it is highly likely the substitution is 
thermodynamically controlled to obtain the 5-X over the 7-X substitution. The 
substitution is favoured in position 7 because of the enhanced delocalisation from 
the adjacent ring, but the most stable compound is the one with substitution in the 
C-5 position (Figure 2.47.), which explain why the resulting product is a mixture of 
regioisomer in these reactions. 

Table 2.25. Collected Gibbs free energies on the structures 
from the NXS compounds.  

Entry Compound 
∆G (Kcal mol-1) 

B3LYP/6311++G(d,p) 
INT* PROD* 

1 5-Cl 3.78 -2.50 
2 7-Cl 0.00 0.00 
3 5-Br 2.95 -1.02 
4 7-Br 0.00 0.00 
5 5-I 1.97 -1.79 
6 7-I 0.00 0.00 

*The energies are all relative to the 7-X compounds, Figure 2.47. Graphical description 
which proved to be thermodynamic control compound       of the Gibbs free energies 
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Further DFT studies, calculated the Fukui functions of these compounds, 
confirming the electrophilic character for the specified positions (5 & 7) of the 
pyrrolo-[1,2-c]pyrimidine compound (Figure 2.48.) and its halogenated derivatives 
(supplementary electronic information),118 although no specific preference for one 
isomer or the other could be observed. 

 
Figure 2.48. Dual descriptor Fukui function of pyrrolo[1,2-c]pyrimidine.  

(blue electrophilic sites; green nucleophilic sites) 

The initial idea behind the synthesis of halogenated derivatives was to determine if 
cross-coupling reactions would be possible on this system.119 Previous experiments 
showed that the brominated product 34 had little reactivity under typical 
conditions, so we focused on the related iodo-compound to try the palladium 
chemistry. In that sense, using the previous prepared compound 32, we could gain 
access to a different set of compounds with the desired substitution by means of 
Suzuki and Sonogashira couplings. The structures thus generated are depicted in 
Scheme 2.25. 

 
Scheme 2.25. Collected compounds of the Pd-assisted coupling reactions obtained in this work. 

Although the procedure was relatively easy, we found that the standard conditions 
for these Pd assisted reaction did work well. All reactions required extended reaction 
times of 180 min at 70ºC.120 The variety of new structures that could be accessed in 
this way were also limited due to the restricted access to the right regioisomer of the 
iodo-compound, which was relatively difficult to obtained at scale. 

N N
O

O

I

32

Sonogashira:
Pd(OAc)2, CuBr, NEt3, PPh3, toluene

Suzuki:
 Pd(OAc)2, K2CO3, PPh3, toluene/H2O (20:1)

N N
O

O

N N
O

O

HO

N N
O

O

Si

35 (78%) 36 (86%) 37 (86%)



Synthetic Organic Flow Chemistry in Epigenetics agents 
Results & Discussion 

 115 

In a further extension aiming to yield new versatile structures we focused on the 
corresponding nitro-derivatives. The variation of nitration procedures is quite 
extensive in the literature.121 In that sense, we thought that the intrinsic 
electrophilic character that was observed in previous reactions would also allow for 
mild reaction conditions. However, the reaction with zirconyl nitrate121b did not 
produce the desired material. However, a more traditional experimental procedure 
rendered the nitrated products in both nucleophilic positions in 1:1 ratio, which 
again served as a comparison of the similar reactivity of both positions in the 
pyrrolopyrimidine structures towards electrophiles (Scheme 2.26.). 

 
Scheme 2.26. General schematic of the nitration reaction through the KNO3 · H2SO4 method. 

Once the synthesis of the nitration compounds was achieved, we envisioned another 
family of compounds could be obtained via reduction of the nitro group, the 
sulphonamides. These are in fact very valuable moieties in any medicinal chemistry 
setting.25c, 122 It should be remarked that the substrate 39 is not correctly assigned, 
but since we only learnt that after access to new X-ray data, the discussion has been 
left as we found at the time of writing. As such, we focused on finding conditions for 
reducing the nitro group to the amine derivatives (Scheme 2.27.).  

 
Scheme 2.27. General reaction towards the reduction of the nitration group. 

In our search in the literature, we found a myriad set of procedures to perform the 
reduction of a nitro group.123 We have tried several of the common procedures 
described in the literature, and will discuss the reduction via (NH4)2SO4/NaBH4 or 
Pd/C with NH4CHO2 as the reduction agent.  
 
Under the first set of conditions,123a (i.e. (NH4)2SO4 and NaBH4) the reaction yields 
a deep orange crude product, which suggests a highly conjugated product; Indeed, 
after purification of the crude material a unique single product was isolated. After 
careful consideration of the spectroscopic data (NMR & MS), we envisaged a 
structure where possibly dimerization had occurred after the initial reduction 
process. For example, structures of the forms shown in Figure 2.49. 
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Figure 2.49. Proposed structures on the dimerization structure occurred in the initial reduction process. 

However, crystals were obtained and X-ray analysis concluded that the product was 
not derived from these dimmeric products. Firstly it showed a different substitution 
pattern than we were expecting (originally assigned to substrate 39). Also the 
product was that of aryl reduction on the CH=N bond of the pyrimidine centre 
(Figure 2.50.). This led us to question the route to introduce the substitution into 
the C-7 position. 

 

Figure 2.50. X-Ray structure from the NCS nitration 39 structure via SHELXL program. 

Meanwhile, when performing the nitro-reduction with Pd/C - NH4CHO2H in EtOAc 
under reflux conditions,123b conversion to the desired amine product was observed 
(MS data from the crude sample), but the reaction mixture that was obtained 
proved to be very sensitive, rapidly decomposing upon attempted purification. It 
was thus concluded that in order to prepare the sulphonamide products, it was not 
convenient to isolate the amine intermediate, but to react the crude material with 
various sulfonyl chlorides directly. 
 
One of the latest substitutions that we wanted to explore, was the introduction of a 
trifluoroacetyl moiety (40), given its interest in recent years for its pharmaceutical 
and biological properties.124 Consequently we performed the reaction with 
trifluoroacetic anhydride under cryogenic conditions125 (Scheme 2.28.). 
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Scheme 2.28. General acylation procedure in the basic structure of compound 24. 

Although the procedure obtained the substitution product, the yields were poor but 
the substitution pattern was selective for the desired C-7 position. The products 
structure was unambiguously established by means of 2D-NMR techniques as well 
as single crystal X-ray diffraction experiments (Figure 2.51.). 

 

Figure 2.51. X-Ray structure from the COCF3 compound 40 via the SHELXL program. 

Due to time constraints, we could not explore this reaction any further. However 
continuous exploration was performed to widen the scope of related 
functionalization chemistries. 
 
Remarks and Conclusions 
 
In terms of the development of this work, we have improved the described access to 
an interesting moiety employing flow chemistry, which potentially enable us to 
obtain larger quantities than in conventional conditions. The future prospect of this 
work is to continue to explore new substitution strategies for the pyrrolopyrimidine 
ring system and to perform the biology testing to verify that these small molecules 
do indeed show activity on epigenetic targets. This research is performed in 
collaboration with the University of Oxford SGC laboratory (Structural Genomics 
Consortium). 
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Experimental procedure 
 
 

General procedure 
 
When required 1H and 13C NMR spectra were recorded in CDCl3 solutions at 25 ºC on 
Bruker 400, 600 and 700 spectrometers (δ in ppm, J in Hz) at 1H operating frequency of 
399.9, 599.8 and 699.2 MHz, respectively. 1H and 13C spectra were referenced using the 
solvent signal as internal standard. ESI+ mass spectra were performed in-house in the Open 
Access Mass Spectrometry Service from Durham University, which houses a suite of state-of-
the- art instruments with overall functionality designed to handle most routine MS 
applications. Sample submissions are made through RemoteAnalyzer (RA). For routine 
simple, they were recorded using a TQD mass spectrometer (Waters Ltd, UK). This triple 
quadrupole instrument is equipped with an Acquity UPLC and an electrospray ion source. 
This instrument provides a service for simultaneous positive and negative ion MS and or 
LCMS analyses. (Typical operating mass ranges 100 - 2000 m/z). For the HRMS, the 
instruments used were according to the staff criteria; normally it would be performed in the 
Autoflex II ToF/ToF MS (Bruker Daltonik, GmbH). This instrument is equipped with a 337 
nm nitrogen laser. Small molecules are normally analysed in reflectron mode and the typical 
mass range for this experiment is 500 – 4000 m/z. Large molecules (e.g. intact proteins and 
polymers) are analysed in linear mode and the typical mass range for this experiment is 4000 
-100000 m/z. 
 
The collected Z-matrix for all the compounds discussed in this text is available in the 
Electronic Supporting Information (DVD). 
 

Ethyl formylglycinate, (21)110f 

 
Procedure A: A solution of glycine ethyl ester hydrochloride (1 g, 7.11 mmol), DMAP (0.2g, 
1.63 mmol) and TEA (1.8 g, 12.4 mmol) was heated (80ºC) in DMF for 8 h. Upon removal of 
the solvent under vacuum the product is extracted with ethyl acetate and washed with brine. 
Combining the organic fractions, drying over MgSO4, filtration and evaporation of volatiles 
yields 0.7 g as dark-yellow oil (75% yield, 70% purity).  
 
Procedure B: A solution of glycine ethyl ester hydrochloride (100 g, 711 mmol) and 
ammonium formate (90 g, 1.42 mol) in acetonitrile is heated at 85ºC for 3 h. The crude 
reaction product is a mixture of NH4Cl and excess of ammonium salt and the product is 
soluble in acetonitrile. The crude can be filtered over a pad of silica in order to remove the 
inorganic salts followed by washes with a saturated solution of brine to remove residual 
ammonium formate (CAREFULL: product is highly soluble in water). The desired product is 
obtained as yellow oil after evaporation of the organic phase (87 g, 93 % yield, >85% purity). 
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1H NMR (400 MHz, CDCl3) δ 7.99 (s, 1H, CHO), 7.37 (s, 1H, NH), 3.95 (2H, q, 3JH-H = 7.1 
Hz, CH2CH3), 3.79 (2H, d, 2JH-H = 5.9 Hz, CH2), 1.03 (3H, t, 3JH-H =7.2 Hz, CH3). 
13C NMR (101 MHz, CDCl3) δ 169.2 (s, CO), 162.0 (s, CO), 61.0 (s, CH2), 39.5 (s, CH2CH3), 
13.6 (s, CH3). 
IR (neat): ν 3316.1 (br), 2984 (w), 1739.2 (s), 1660.1 (s), 1522.1 (m), 1376.3 (s), 1195.3 (s), 
1021.6 (m), 988.4 (m), 860.2 (w). 

 
Ethyl 2-isocyanoacetate, (22)86b 

 
Batch procedure: A solution of n-formyl glycine (0.5 g, 3.8 mmol) and TEA (0.6 mL, 7.58 
mmol) in DCM was stirred in an ice bath and a solution of triphosgene (0.383 g, 1.29 mmol) 
in DCM was carefully added dropwise. After the addition was complete, the reaction mixture 
was stirred at room temperature for 2 h after which quenching the reaction was achieved by 
addition of a saturated solution of NaHCO3 (10 mL). The product was separated from the 
aqueous phase, and dried over MgSO4. The desired product was obtained as dark oil after 
evaporation of the organic phase (360 mg, 83 % isolated yield, >80% purity). 
 
Flow procedure: A solution containing n-formyl glycine ethyl ester (1.3g, 10 mmol), DIPEA 
(2.6 g, 20 mmol) and DMAP (450 mg, 3 mmol) were prepared in 10 mL of DCM. 
Simultaneously, 0.33 eq. of triphosgene was dissolved in the same volume of DCM. The 
optimization of the reaction was performed using the sample loop mounted on the R2+-flow 
unit. This solution was pumped at different flow rates to achieve different resident time. The 
optimal flow rate was 0.25 mL/min equating to a 20 min residence time at room temperature 
conditions in a 10 mL reactor vessel. Upon collection in a vessel, 80% of the solvent was 
evaporated for the crude reaction. This material was filtered through silica with DCM to 
obtain the product base-free. The desired product was obtained as dark oil after evaporation 
of the organic phase (1 g, 91 % isolated yield, >97% purity). 
 

1H NMR (400 MHz, CDCl3) δ 4.28 (2H, q, 3JH-H = 7.1 Hz, CH2CH3), 4.22 (2H, s, -CH2-), 1.32 
(3H, t, 3JH-H = 7.2 Hz, CH3). 
13C NMR (101 MHz, CDCl3) δ 164.0 (s, CN), 161.4 (s, CO), 62.9 (s, -CH2-), 43.6 (s, 
CH2CH3), 14.2 (s, CH3). 
IR (neat): ν 2984.4 (w), 2162.3 (s), 1748.1 (s), 1424.0 (w), 1373.8 (s), 1204.2 (s), 1097.2 (w), 
1028.3 (s), 991.9 (m). 
 

Ethyl pyrrolo[1,2-c]pyrimidine-3-carboxylate, (24)105a  

 
Batch procedure: A solution of 1H-pyrrole-2-carbaldehyde (0.24 g, 2.56 mmol) in HPLC 
graded CH3CN (2.5 mL) was added to a commercial (source in house prepared 
isocyanoacetate was also used with similar results) of ethyl isocyanoacetate (0.3 mg, 2.56 
mmol) and DBU (380 μL, 2.56 mmol). The mixture was heated in a microwave reactor at 
70ºC for 30 min. The mixture was then filtered through a pad of silica. The solvent was 
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removed under reduced pressure and the residue was purified by silica gel chromatography 
using hexane/AcOEt (3:7) as the eluent. The product (0.36 g, 75%) was obtained as a light 
brown solid: Melting point: 67-68 ºC.  

 
Flow procedure (starting from ethyl isocyanoacetate): After preparing a DCM 
solution containing 1 equiv. of ethyl isocyanoacetate and 1 equiv. of base (DBU or 
piperidine), and another solution with 1 equiv. of pyrrole 2-carbaldehyde, they are pumped 
through the flow reactor. The optimization of the reaction was performed using the sample 
loop mounted on the R2-flow unit. This solution was pumped at different flow rates to 
achieve different resident times. The optimal one was found to be 0.17 mL/min at 70ºC to 
achieve a 30 min residence time in a 10 mL reactor. Upon collection in a vessel, the solvent 
was evaporated yielding the crude reaction product, which was dissolved in ethyl acetate. 
This material was filtered through a pad of silica with DCM to obtain the base-free product. 
The product is isolated upon chromatography with a ISOLERA chromatography system with 
a gradient sequence (Hex:EA 2:8 or manually optimised stepwise ISOLERA gradient: 0; 0-
10%; 10-35%; 35-50%; 50-70%). The treatment for this reaction mixture was similar to 
previous reaction procedures. It was filtered through a pad of silica, the solvent removed 
under reduced pressure and the residue was purified by silica gel chromatography using 
hexane/AcOEt (3:7) as the eluent. The product (yield: 80%) was obtained as a light brown 
solid. 
 
Flow procedure (starting from formamide): A solution containing N-formyl glycine 
ethyl ester (1.3 g, 10 mmol), DIPEA (2.6 g, 20 mmol) and DMAP (450 mg, 3 mmol) was 
prepared in 10 mL of DCM. Simultaneously, triphosgene (980 mg, 3.3 mmol) was dissolved in 
the same volume of DCM. Meanwhile, the 2-pyrrolecarbaldehyde (950 mg, 10 mmol) and 
piperidine (6 g, 60 mmol) was prepared as a DCM solution (20 mL) and inserted in the flow 
system via a T-piece towards the second reaction volume. The optimal one was found to be 
0.25 mL/min to achieve a 20 min residence time at rt conditions in a 10 mL reactor coil (for 
the formation of isocyanoacetate). The secondary pump was also set at 0.25 mL/min to pump 
the DCM mixture with the pyrrole and the base to achieve a 20 min residence at 70ºC time 
in a 20 mL (2 x 10mL). The scale-up procedure with the Polar Bear Plus system, allowed us 
to perform the same procedure but in a more productive way. The conditions in temperature 
and time remained constant, this was achieved by doubling on the flow rates and the reaction 
volumes. In term of quantity of reactants, the quantities were scaled five times. After 
collection in a flask, 80% of the solvent was evaporated yielding a crude mixture, which was 
filtered through silica with DCM to obtain the product free of base. The product was isolated 
upon chromatography with an ISOLERA chromatography system with a gradient sequence 
(previously described) (97% purity, isolated yield: 65%). 
 
1H NMR (700 MHz, CDCl3) δ 8.75 (1H, d, JH-H = 1.1 Hz, 4’-H), 8.21 – 7.95 (1H, m, 1’-H), 
7.43 (1H, dt, J H-H = 2.6, 0.8 Hz, 6’-H), 6.86 (1H, dd, JH-H = 3.9, 0.9 Hz, 5’-H), 6.63 (1H, dt, 
JH-H = 3.9, 1.0 Hz, 7’-H), 4.33 (2H, q, 3JH-H = 7.1 Hz, CH2CH3), 1.32 (3H, t, 3JH-H = 7.2 Hz, 
CH3). 
13C NMR (176 MHz, CDCl3) δ 164.9 (s, CO), 137.8 (s, 4’-C), 130.4 (s, 3’-C), 130.4 (s, 4a’-C), 
117.6 (s, 1’-C), 117.6 (s, 6’-C), 113.4 (s, 5’-C), 104.9 (s, 7’-C), 61.3 (s, -CH2CH3), 14.3 (s, 
CH3). 
IR (neat): ν 3102.0 (w), 2985.2 (w), 2905.4 (w), 1703.5(s), 1537.9 (m), 1351.8 (s), 1020.3 (s). 
HRMS calculated for C10H11N2O2: 191.0821, found: 191.0813 (H+) 
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Ethyl 6-bromopyrrolo[1,2-c]pyrimidine-3-carboxylate, (26) 

 
4-Bromo-1H-pyrrole-2-carbaldehyde (0.44 g, 2.56 mmol) in 2.5 mL of CH3CN (dried over 
MgSO4) was added to ethyl isocyanoacetate (0.3 g, 2.56 mmol) and DBU (380 μL, 2.56 
mmol). The mixture was heated in a microwave reactor at 70ºC for 30 min. The mixture was 
then flushed through a pad of silica. The solvent was removed under reduced pressure and the 
residue was purified by silica gel chromatography using hexane/AcOEt (3:7) as the eluent. 
The product (0.6 g, 88%) was obtained as a brown solid: 68-69ºC. 
 
1H NMR (400 MHz, CDCl3) δ 8.83 (1H, t, JH-H = 1.3 Hz, 4’-H), 8.14 (1H, d, J H-H = 1.4 Hz, 
1’-H), 6.95 (1H, d, J = 4.1 Hz, 5’-H), 6.77 (1H, dd, J = 4.1, 0.8 Hz, 7’-H), 4.42 (2H, q, 3JH-H 
= 7.1 Hz, CH2CH3), 1.40 (3H, t, 3JH-H = 7.1 Hz, CH3). 
13C NMR (101 MHz, CDCl3) δ 164.8 (CO, s), 136.8 (s, 4’-C), 131.86 (s, 3’-C), 131.08 (s, 4a’-
C), 116.5 (s, 6’-C), 113.3 (s, 1’-C), 108.4 (s, 5’-C), 107.3 (s, 7’-C), 61.9 (s, CH2CH3), 14.5 (s, 
CH3). 
HRMS calculated for C10H10N2O2Br: 268.9926 found: 268.9919 (M+) 
 

Ethyl 6,7-dibromopyrrolo[1,2-c]pyrimidine-3-carboxylate, (27) 

 
4,5-dibromo-1H-pyrrole-2-carbaldehyde (0.66 g, 2.56 mmol) in 2.5 mL of CH3CN (dried over 
MgSO4) was added to ethyl isocyanoacetate (0.3 mg, 2.56 mmol) and DBU (380 μL, 2.56 
mmol). The mixture was heated on the microwave at 70ºC for 30 min. The mixture was then 
flushed thought silica. The solvent was removed under reduced pressure and the residue was 
purified by silica gel chromatography using hexane/AcOEt (3:7) as the eluent. The product 
(0.18 g, 20%) was obtained as a brown solid: 108-111ºC.  
 
1H NMR (400 MHz, CDCl3) δ 8.81 (1H, t, JH-H = 1.0 Hz, 4’-H), 8.11 (1H, d, JH-H = 1.4 Hz, 
1’-H), 6.92 (1H, d, 4JH-H = 0.9 Hz, 5’-H), 4.45 (2H, q, 3JH-H = 7.1 Hz, CH2CH3), 1.43 (3H, t, 
3JH-H = 7.1 Hz, CH3). 
13C NMR (101 MHz, CDCl3) δ 164.6 (s, CO), 136.1 (s, 4’-C), 132.3 (s, 3’-C), 131.9 (s, 4a’-C), 
115.9 (s, 6’-C), 111.3 (s, 1’-C), 107.9 (s, 7'-C), 97.2 (s, 5’-C), 62.0 (s, CH2CH3), 14.5 (s, CH3). 
ESI-MS: 346.902 (M+) 
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NXS Halogenation procedure  

4-bromo-1H-pyrrole-2-carbaldehyde, (25s)116c 

 
1 eq of NBS was added to a solution of 1 equiv. of the pyrrolo 2-carbaldehyde in DCM at -
10ºC. The mixture was stirred at room temperature for 45 min and then quenched with  
saturated aqueous sodium thiosulphate. After portioning the solvents, the DCM was dried 
over MgSO4. The solvent was removed under reduced pressure and the product recovered 
>95% pure. (isolated yield: 91%) Grey solid (kept at cryogenic conditions). 

4,5-dibromo-1H-pyrrole-2-carbaldehyde, (25c)116c 

 
To a 1H-pyrrole-2-carbaldehyde mild cooled solution of 0.75 g (8.00 mmol) in 60 mL of DCM 
4 mg of iodine were added. Then, a solution of 2.6 g (16.4 mmol) of bromine in 20 mL of 
DCM was added dropwise over 45 minutes. The reaction was then stirred and allowed to 
warm to room temperature for 30 minutes. The reaction was quenched with 60 mL of 
NaHCO3 and equimolecular quantity of NaS2O3. After the partitioned, the water and the 
solvent was removed. The product was obtained in >97% purity. (isolated yield: 95%) Purple 
solid (kept at cryogenic conditions). 
 

Ethyl 7-chloropyrrolo[1,2-c]pyrimidine-3-carboxylate, (29) 

 

1 equiv. NCS was added to a solution of 1equiv. of the pyrrolopyrimidine in DCM. The 
mixture was stirred at room temperature for 30 min and for completion of the reaction 15 
min at 35ºC. Then reaction was quenched with a saturated aqueous solution of sodium 
thiosulphate. After portioning the solvents, the DCM layer was dried with MgSO4. The 
solvent was removed under reduced pressure and the product recovered in >90% purity. The 
product was used for further transformation without further purification (isolated yield 91%) 
Pale yellow solid: m.p. 93.9-95.2ºC. 
 

1H NMR (400 MHz, CDCl3) δ 8.86 (1H, t, JH-H = 1.05 Hz, 4’-H), 8.20 (1H, d, JH-H = 1.38 Hz, 
1’-H), 6.90 (1H, d, JH-H = 4.13 Hz, 6’-H), 6.79 (1H, dd, JH-H = 0.90, 4.14 Hz, 5’-H), 4.46 (2H, 
q, 3JH-H = 7.13 Hz, CH2CH3), 1.44 (3H, t, 3JH-H = 7.13 Hz, CH3). 
13C NMR (101 MHz, CDCl3) δ 165.0 (s, CO), 134.9 (s, 4’-C), 130.6 (s, 3’-C), 130.6 (s, 4a’-C), 
117.5 (s, 6’-C), 117.5 (s, 1’-C), 116.3 (s, 7’-C), 105.2 (s, 5’-CH), 61.8 (s, CH2CH3), 14.6 (s, 
CH3). 
IR (neat): ν 3108.3(w), 2984.2(w), 1713.2(s), 1602.6(w), 1527.7(m), 1442.6(m), 1428.4(s), 
1366.4(s), 1344.2(s), 1284.6(s), 1233.2(s), 1185.7(s), 1085.0(s), 1022.3(m), 885.4(m), 776.5(s). 

H
NH

O

Br

H
NH

O

Br

Br

N N
O

O

Cl



Part II 

 124 

HRMS calculated for C10H10ClN2O2: 225.0431, found: 225.0434 (M+) 
 

Ethyl 7-bromopyrrolo[1,2-c]pyrimidine-3-carboxylate, (30)105b, 117 

 
1eq. of NBS was added to a solution of the pyrrolopyrimidine in DCM. The mixture was 
stirred at room temperature for 30 min and for completion of the reaction 15 min at 35ºC. 
Then quenched the reaction with a saturated water solution of sodium thiosulphate. After 
portioning the solvents, dry the DCM with MgSO4. The solvent was removed under reduced 
pressure and the product recovered >95% pure. The product was used for further 
transformation without further purification (isolated yield 92%) Pale yellow solid: 67-68ºC. 
 

1H NMR (400 MHz, CDCl3) δ 8.83 (1H, t, JH-H = 1.3 Hz, 4’-H), 8.14 (1H, d, JH-H = 1.4 Hz, 
1’-H), 6.95 (1H, d, JH-H = 4.1 Hz, 6’-H), 6.77 (1H, dd, JH-H = 4.1, 0.8 Hz, 7’-H), 4.42 (2H, q, 
3JH-H = 7.1 Hz, CH2CH3), 1.40 (3H, t, 3JH-H = 7.1 Hz, CH3). 
13C NMR (101 MHz, CDCl3) δ 164.9 (s, CO), 136.1 (s, 4’-C), 132.2 (s, 3’-C), 130.7 (s, 4a’-C), 
119.9 (s, 7’-C), 117.1 (s, 1’-C), 106.1 (s, 5’-CH), 95.2 (s, 6’-C), 61.7 (s, CH2CH3), 14.5 (s, 
CH3). 
IR (neat): ν 3107.3(w), 3083.4(w), 2979.6(w), 1713.5(s) 1526.2(m), 1299.1(s), 1020.9(m). 
HRMS calculated for C10H10BrN2O2: 268.9926, found: 268.9924 (M+) 
 

Ethyl 5,7-dibromopyrrolo[1,2-c]pyrimidine-3-carboxylate, (34)105b, 117 

 
2 eq NBS was added to a solution of 1 equiv. pyrrolopyrimidine in DCM at 0ºC. The mixture 
was stirred at room temperature for 45 min. Then quenched the reaction with a saturated 
water solution of sodium thiosulphate. After portioning the solvents, dry the DCM with 
MgSO4. The solvent was removed under reduced pressure and the product recovered >95% 
pure. The product was used for further transformation without further purification (isolated 
yield 95%) Yellow solid: 109-110ºC.  
 

1H NMR (400 MHz, CDCl3) δ 8.81 (1H, d, JH-H = 1.3 Hz, 4’-H), 8.14 (d, JH-H = 1.4 Hz, 1’-
H), 7.02 (1H, s, 6’-H), 4.47 (2H, q, 3JH-H = 7.1 Hz, CH2CH3), 1.45 (3H, t, 3JH-H = 7.1 Hz, 
CH3). 
13C NMR (101 MHz, CDCl3) δ 164.6 (s, CO), 136.4 (s, 4’-C), 131.8 (s, 3’-C), 130.6 (s, 4a’-C), 
121.4 (s, 5’-C), 115.5 (s, 7’-C), 95.3 (s, 6’-C), 93.5 (s, 1’-C), 62.0 (s, CH2CH3), 14.6 (s, CH3). 
IR (neat): ν 3109.6(w), 2988.1(w), 1699.1(s), 1525.5(m), 1344.5(s), 1240.1(s), 1016.0(s). 
HRMS calculated for C10H9Br2N2O2: 346.9031, found: 346.9027 (M+) 
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Ethyl 7-iodopyrrolo[1,2-c]pyrimidine-3-carboxylate, (32) 

 
1 eq. of TMSCl was added to a 1eq of the solution of the pyrrolopyrimidine in DCM. The 
mixture was stirred at room temperature for 30 min and for completion of the reaction 15 
min at 35ºC. Without further work out, 1 eq of NIS was added and the reaction was stirred 
for another 30-35 min. Then, the reaction was quenched with a saturated water solution of 
sodium thiosulphate. After portioning the solvents, dry the DCM with MgSO4. The solvent 
was removed under reduced pressure and the product recovered >90% pure. The product was 
used for further transformation without further purification (isolated yield 89%). Dark green 
solid: 93.9-95.2ºC. 
 
1H NMR (400 MHz, CDCl3) δ 8.78 (1H, s, 4’-H), 8.12 (1H, m, 1’-H), 7.53 (1H, d, JH-H = 2.9 
Hz, 6’-H), 7.10 (1H, d, JH-H = 2.9 Hz, 5’-H), 4.48 (2H, q, 3JH-H = 7.1 Hz, CH2CH3), 1.45 (3H, 
t, 3JH-H = 7.1 Hz, CH3). 
13C NMR (101 MHz, CDCl3) δ 165.1 (s, CO), 138.4 (s, 4’-CH), 124.6 (s, 3’-C), 121.8 (s, 4a’-
C), 117.7 (s, 7’-C), 115.1 (s, 1’-C), 100.1 (s, 6’-C), 92.6 (s, 5’-C), 61.9 (s, CH2CH3), 14.6 (s, 
CH3). 
IR (neat): ν 3079.3(w), 2977.9(w), 1715.8(s), 1530.7(m), 1431.4(m), 1353.5(m), 1349.5(s), 
1285.9(m), 1211.7(s), 1019.1(m), 777.5(s). 
ESI-MS: 316.871 (M+) 
 
Sonogashira coupling procedure:  
 

Ethyl 7-((trimethylsilyl)ethynyl)pyrrolo[1,2-c]pyrimidine-3-carboxylate, (35) 

 
A mixture of 0.05 equiv. of Pd(OAc)2, and 0.10 equiv. of PPh3 and 0.05 equiv. CuBr were 
placed in an open vessel with toluene:NEt3 (20:1) as solvents and stirred for 15 min to form 
the active catalyst. The corresponding acetylene (1.1 equiv.), and ethyl 7-iodopyrrolo[1,2-
c]pyrimidine-3-carboxylate (1 equiv.) were added, and the reaction mixture was heated at 
70ºC for 3 h. The crude reaction mixture was treated with a solid supported thiourea to 
remove the Pd catalyst. The solvent was evaporated under reduced pressure and the product 
isolated upon chromatography with an ISOLERA chromatography system with a gradient 
sequence (previously described) (78% isolated yield, yellow oil).  
 

1H NMR (400 MHz, CDCl3) δ 9.07 – 9.02 (1H, m, 4’-H), 8.21 (1H, d, JH-H = 1.4 Hz, 1’-H), 
7.16 (1H, d, JH-H = 4.2 Hz, 6’-H), 6.72 (1H, dd, JH-H = 4.1, 0.7 Hz, 5’-H), 4.47 (2H, q, 3JH-H = 
7.1 Hz, CH2CH3), 1.46 (3H, t, 3JH-H = 7.1 Hz, CH3), 0.32 (s, 9H, (CH3)3). 
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13C NMR (101 MHz, CDCl3) δ 165.0 (s, CO), 137.7 (s, 4’-C), 132.4 (s, 3’-C), 131.9 (s, 4a’-C), 
124.8 (s, 7’-C), 122.6 (s, 6’-C), 117.3 (s, 1’-C), 105.2 (s, 5’-C), 104.8 (s, C≡), 93.1 (s, C≡), 61.8 
(s, CH2CH3), 14.6 (s, CH3), 0.0 (s, CH3)3-Si). 
IR (neat): ν 2958.1(w), 2149.5(m), 1710.5(m), 1520.2(m), 1423.9(m), 1346.7(m), 1248.7(s), 
1087.4(m), 1026.0(w), 838.6(s). 
HRMS calculated for C15H19N2O2Si: 287.1223, found: 287.1216 (M+) 
 
Sonogashira coupling procedure 
 

Ethyl 7-(3-hydroxy-3-methylbut-1-yn-1-yl)pyrrolo[1,2-c]pyrimidine-3-
carboxylate, (36) 

 
A mixture of 0.05 equiv. of Pd(OAc)2, and 0.10 equiv. of PPh3 and 0.05 equiv. CuBr were 
placed in an open vessel with toluene:NEt3 (20:1) as solvents and stirred for 15 min to form 
the active catalyst. The corresponding acetylene (1.1 equiv.), and ethyl 7-iodopyrrolo[1,2-
c]pyrimidine-3-carboxylate (1 equiv.) were added, and the reaction mixture was heated at 
70ºC for 3 h. The crude reaction mixture was treated with a solid supported thiourea to 
remove the Pd catalyst. The solvent was evaporated under reduced pressure and the product 
isolated upon chromatography with an ISOLERA chromatography system with a gradient 
sequence (previously described). (86% isolated yield, mp 134.5-136.4) 
 

1H NMR (600 MHz, CDCl3) δ 8.78 (1H, s, 4’-H), 8.26 (1H, s, 1’-H), 7.40 (1H, d, JH-H = 2.7 
Hz, 6’-H), 6.99 (d, JH-H = 2.7 Hz, 1H, 5’-C), 4.46 (q, 3JH-H = 7.1 Hz, 2H, CH2CH3), 2.25 (1H, 
OH), 1.66 (6H, s, 2xCH3), 1.43 (t, 3JH-H = 7.1 Hz, 3H, CH3). 
13C NMR (151 MHz, CDCl3) δ 164.9 (s, CO), 138.2 (s, 4’-C), 133.1 (s, 3’-C), 132.2 (s, 4a’-C), 
120.6 (s, 7’-C), 116.9 (s, 6’-C), 113.4 (s, 5-C’), 100.5 (s, 1’-C), 98.1 (s, C-OH), 74.4 (s, C≡), 
65.9 (s, C≡), 61.9 (s, CH2CH3), 31.8 (s, 2xCH3), 14.6 (s, CH3). 
IR (neat): ν 3364.2(br), 3125.9(w), 2991.6(m), 2222.2(w), 1723.9(s), 1534.3(w), 1515.5(w), 
1450.2(m), 1350.6(s), 1292.2(s), 1195.9(s), 1023.9(m), 959.5(m), 721.8(s). 
HRMS calculated for C15H17N2O3: 273.1231, found: 273.1239 (M+) 
 
Suzuki coupling procedure. 
 

Ethyl 7-phenylpyrrolo[1,2-c]pyrimidine-3-carboxylate, (37) 

 
A mixture of 0.05 equiv. of Pd(OAc)2, and 0.10 equiv. of PPh3 and 2 equiv. K2CO3 were 
placed in an open vessel with toluene:H2O (20:1) as solvents and stirred for 15 min to form 
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the active catalyst. The corresponding phenyl boronic acid (1.1 equiv.), and ethyl 7-
iodopyrrolo[1,2-c]pyrimidine-3-carboxylate (1 equiv.) were added, and the reaction mixture 
was heated at 70ºC for 3 h. The crude reaction mixture was treated with a solid supported 
thiourea to remove the Pd catalyst. The solvent was evaporated under reduced pressure and 
the product isolated upon chromatography with an ISOLERA chromatography system with a 
gradient sequence (previously described). (82% isolated yield, green oil)  
 
1H NMR (400 MHz, CDCl3) δ 8.84 (1H, s, 4’-H), 8.47 (1H, s, 1’-H), 7.62 – 7.56 (3H, m, Ph), 
7.48 (2H, t, JH-H = 7.7 Hz, Ph), 7.37 – 7.31 (1H, m, 6’-H), 7.18 (1H, d, JH-H = 2.9 Hz, 5’-H), 
4.46 (2H, q, 3JH-H = 7.1 Hz, CH2CH3), 1.43 (3H, t, 3JH-H = 7.1 Hz, CH3). 
13C NMR (101 MHz, CDCl3) δ 165.3 (CO), 138.5 (s, 4’-H), 134.1 (s, 3’-H), 131.5(s, 4a’-H), 
129.2 (s, Ph), 127.9 (s, Ph), 127.2 (s, Ph), 127.1 (s, Ph), 121.1 (s, Ph), 118.0 (s, Ph), 117.5 (s, 
1’-C), 117.4 (s, 6’-C), 114.0 (5’-C), 105.3 (s, 7’-C), 61.8 (s, CH2CH3), 14.6 (s, CH3). 
IR (neat): ν 2981.2(w), 1706.1(s), 1600.3(w), 1534.0(w), 1348.5(s), 917.7(m), 696.8(m)  
HRMS calculated for C16H15N2O2: 267.1134, found: 267.1144 (M+) 
 
 Nitration of basic compound 
 
In a flask, powdered KNO3 (1 eq) was treated with the appropriate amount of 96% H2SO4 (2 
eq) and the mixture stirred for 15 min at room temperature. Afterwards, CH2Cl2 (10.0 mL) 
was added to the obtained slurry and the mixture cooled at 0°C with vigorous stirring. A 
solution of the pyrrolo[1,2-c]pyrimidine-3-carboxylate (1 eq) in CH2Cl2 (8.0 mL) was added 
dropwise and the stirring continued at room temperature for 30 min. The solvent was 
evaporated under reduced pressure and the crude products were purified by silica gel flash 
column chromatography to render both products using hexane/ethyl acetate (2:8) as the 
eluent. (80% isolated yield, 1:1, 7-NO2: rf: 0.7, 130.1-131.3ºC; 5-NO2: rf: 0.4, 196.2-198.2ºC) 

 
Ethyl 5-nitropyrrolo[1,2-c]pyrimidine-3-carboxylate, (38a) 

 
1H NMR (400 MHz, CDCl3) δ 9.02 (1H, d, JH-H = 1.4 Hz, 1’-H), 8.96 (1H, dd, JH-H = 1.4, 0.5 
Hz, 4’-H), 7.58 (1H d, JH-H = 3.4 Hz, 6’-H), 7.50 (1H, dd, JH-H = 3.3, 0.3 Hz, 7’-H), 4.49 (2H, 
q, 3JH-H = 7.1 Hz, CH2CH3), 1.45 (3H, t, 3JH-H = 7.1 Hz, CH3). 
13C NMR (176 MHz, CDCl3) δ 163.7 (CO), 138.8 (s, 4’-C), 138.7 (s, 3’-C), 129.6 (s, 4a’-C), 
129.1 (s, 5’-C), 116.4 (s, 6’-C), 114.8 (s, 1’-C), 113.6 (s, 7’-C), 62.6 (s, CH2CH3), 14.4 (s, 
CH3). 
IR (neat): ν 3122.5(w), 3070.2(w), 1720.4(s), 1618.9(w), 1513.7(m), 1473.8(m), 1417.3(m), 
1384.0(s), 1297.7(s), 1101.8(s), 1017.1(m), 900.8 (m), 850.0 (m), 787.4(s), 720.2(s) 
HRMS calculated for C10H10N3O4: 236.0671, found: 236.0675 (5-NO2) (M+) 
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Ethyl 7-nitropyrrolo[1,2-c]pyrimidine-3-carboxylate, (38b) 

 
1H NMR (400 MHz, CDCl3) δ 10.19 (1H, dd, JH-H = 1.4, 0.8 Hz, 4’-H), 8.36 (1H, d, JH-H = 
1.5 Hz, 1’-H), 7.88 (1H, d, JH-H = 4.8 Hz, 6’-H), 6.98 – 6.73 (1H, m, 5’-H), 4.47 (2H, q, 3JH-H 
= 7.1 Hz, CH2CH3), 1.43 (3H, t, J = 7.1 Hz, CH3). 
13C NMR (176 MHz, CDCl3) δ 163.7 (s, CO), 138.2 (s, 4’-CH), 136.9 (s, 3’-C), 136.0 (s, 1’-C), 
131.4 (s, 7’-C), 120.6 (s, 6’-C), 117.0 (s, 1’-C), 106.4 (s, 5’-C), 62.5 (s, CH2CH3), 14.4 (s, CH3). 
IR (neat): ν 3141.3(w), 3090.0(w), 2981.7(w), 1720.7(s), 1432.0(s), 1318.0(s), 1218.6(s), 1091.0 
(s), 1017.4(s), 909.0(m), 740.0(m). 
HRMS calculated for C10H10N3O4: 236.0671, found: 236.0673 (7-NO2) (M+) 
 
 ethyl 7-chloro-5-nitropyrrolo[1,2-c]pyrimidine-3-carboxylate, (39) 

 
In a flask, powdered KNO3 (5 equiv.) was treated with 96% H2SO4 (5 equiv.) and the mixture 
stirred for 15 min at room temperature. To the mixture was added CH2Cl2 (10.0 mL) to 
obtain a slurry and the mixture cooled to 0°C with vigorous stirring. A solution of the 7-
chloropyrrolo[1,2-c]pyrimidine-3-carboxylate (1 equiv.) in CH2Cl2 (8.0 mL) was added 
dropwise and the stirring continued at room temperature for 30 min. The reaction mixture 
was then poured into 10% aqueous Na2SO4 (30 mL) and the separated organic phase washed 
with 10% aqueous Na2SO4 (2 × 20 mL), dried over anhydrous Na2SO4. The solvent was 
evaporated under reduced pressure and the crude product was purified by silica gel flash 
column chromatography using hexane/ethyl acetate (2:8) as the eluent. (76% isolated yield, 
dark orange oil). 
 
1H NMR (600 MHz, CDCl3) δ 9.06 (1H, s, 1’-H), 8.95 (1H, s, 4’-H), 7.51 (1H, s, 6’-H), 4.49 
(2H, q, 3JH-H = 7.1 Hz, CH2CH3), 1.45 (3H, t, 3JH-H = 7.1 Hz, CH3). 
13C NMR (151 MHz, CDCl3) δ 163.4 (s, CO), 138.7 (s, 3’-C), 135.6 (s, 1’-CH), 129.2 (s, 4a’-
C), 128.1 (s, 7’-C), 115.6 (s, 4’-CH), 112.6 (s, 6’-CH), 111.6 (s, 6’-C), 62.7 (s, CH2CH3), 14.4 
(s, CH3). 
IR (neat): ν 3125.5(w), 3051.8(w), 1727.3(s), 1617.9(w), 1530.1(m), 1498.8(m), 1481.0(m), 
1314.6(s), 1221.8(s), 1101.3(s), 1010.2(m), 973.6(m), 848.4(m), 783.7(m). 
HRMS calculated for C10H9O4N3Cl: 270.02754, found: 270.02761 (M+) 
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 Acylation compound, COCF3 
 

Ethyl 7-(2,2,2-trifluoroacetyl)pyrrolo[1,2-c]pyrimidine-3-carboxylate, (40) 

 
A solution of the pyrrolo[1,2-c]pyrimidine-3-carboxylate (1 equiv.) in CH2Cl2 (8.0 mL) was 
temperature controlled with an external water bath. Afterwards, the TFA anhydride (1 
equiv.) was added dropwise and the stirring continued at room temperature for 30 min 
(longer reaction time does not increase the yield). The reaction was quenched with an 
aqueous solution of NaHCO3. After partition and drying of the organic fraction, the solvent 
was evaporated under reduced pressure and the crude products were purified by silica gel 
flash column chromatography to render the product using hexane/ethyl acetate (2:8) as the 
eluent. (20% isolated yield, Rf 0.7, 129.1-130.8ºC) 
 
1H NMR (400 MHz, CDCl3) δ 10.38 (2H, dd, JH-F = 1.3, 0.8 Hz, 4’-H), 8.37 (1H, d, JH-F = 
1.5 Hz, 1’-H), 7.83 (1H, td, JH-F = 4.8, 3.7, 1.8 Hz, 6’-H), 6.90 (1H dd, JH-F = 4.8, 0.6 Hz, 5’-
C), 4.47 (2H, q, 3JH-H = 7.1 Hz, CH2CH3), 1.43 (3H, t, 3JH-H = 7.1 Hz, CH3). 
13C NMR (101 MHz, CDCl3) δ 169.6 (q, COCF3, 2JC-F = 36.7 Hz), 163.7 (s, CO), 140.2 (s, 4’-
C), 139.8 (3’-C), 138.5 (1’-C), 128.5 (q, 3JC-F = 8.1 Hz, 7’-C), 118.5 (s, 1C), 116.8 (q, CF3 1JC-

F = 289.6 Hz). 116.6 (6’-C), 107.8 (s, 5’-C), 62.4 (s, CH2CH3), 14.3 (s, CH3). 
IR (neat): ν 3141.8(w), 1704(s), 1640.1(s), 1519.7(w), 1467.3(m), 1338.9(m), 1187.3(s), 
1088.0(s), 885.2(s), 740.0(s) 
HRMS calculated for C12H10N2O3F3: 287.0644, found: 287.0652 (M+) 
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How can Computational Chemistry help us  
understand the scope of MAOS reactions?  

 
 

n 1775, N. Macquer in its famous chemistry dictionary, edited ″All the Chemistry 
operations could be reduced to decomposition and combination; hence, the fire 

appears as an universal agent in Chemistry as in nature″.1 Up until the beginning of 
this century, fire remained as the primary source of activate chemical reactions which 
didn’t proceed at a moderate pace under ambient conditions; others activation 
techniques relayed in photochemical, ultrasonic, high pressure and plasma techniques. 
Microwave heating or dielectric heating is an alternative to normal batch conditions 
or conventional conductive heating. 
 
3.1 Previous work 
 
Up to some point, we can tracked the beginnings of electromagnetic waves and 
especially microwaves, with the publication of the equations by James Clerk Maxwell 
in 1873.2 These equations were later modified by O. Heaviside and J. W. Gibbs, who 
would frame these equations in their more classical vector formulation. 
 
The main component for any microwave equipment is the microwave power cavity 
called magnetron, upon which origins there are some “legends”.3 First developed for its 
deployment as radars for air defence in 1937, from the practical point of view, it was 
developed by Randall and Booth at the University of Birmingham in England around 
1940.4 From the start, scientists and engineers recognised the heating capability of 
microwave irradiation but the radar development had top priority. In 1945, Raytheon 
Corporation issued a series of patents on microwave heating technology,5 that after 
some “enormous and expensive” prototypes (some 2 meter height and 350 kg weight, 
as shown in the book of Decareau and Peterson),3a the first compact and commercial 
microwave oven (called Radarange) was developed by Amana Refrigeration (a 
subsidiary of Raytheon Manufacturing Company) in 1967 (Figure 3.1.). More 
precisions about the whole history of microwave technology could be found in the 
literature.6 

 
Figure 3.1. First compact and commercial microwave oven in the market, called Radarange. 

I 
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With time the microwave heating technology also enter into the chemistry laboratory, 
where its impact in organic synthesis has increased over the years and especially since 
the development of new dedicated and reliable microwave instruments.7 
 
Since then, microwave heating has become very attractive for chemical applications 
and has been widely accepted as a non-conventional energy source for performing 
organic synthesis.8 The field of Microwave-Assisted Organic Synthesis (MAOS) is 
characterised by the spectacular accelerations produced in many reactions as a 
consequence of the heating rate, which cannot be reproduced by classical heating. 
Under these conditions, the reaction show higher yields, milder reaction conditions 
and shorter reaction times, and many processes can be improved. Indeed, even 
reactions that do not occur by conventional heating can be performed using 
microwaves. 
 
Another important application of microwave irradiation involves the modification of 
the selectivity of a reaction in relation to conventional heating. Selectivity is a crucial 
objective in organic synthesis. Control of the desired selectivity (chemo-, regio-, 
stereo- and enantioselectivity) is usually achieved by selecting the appropriate 
reaction conditions (such as solvent, temperature, time) or by using kinetic vs. 
thermodynamic control, protection (for example chiral auxiliaries), and activation and 
selective catalysts (including chiral catalysts). The ability to control the selectivity by 
simply choosing the appropriate mode of heating (conventional vs. microwaves) is a 
very attractive proposition. 
 
However, the effect of microwave reaction still needs to be rationalised in order to 
predict the effect that it will have on a given reaction. There are also results that 
cannot be explained exclusively by a rapid heating. This fact, led to several authors to 
postulate the existence of a so-called “microwave effect”. However, the separation of 
the thermal effects and non-thermal effect is difficult, and the improved results of 
many chemical processes are probably a combination of both effects. 
 
Thermal effects are a consequence of these different characteristics and may arise 
from: i) the inverted heat transfer (Figure 1.17. introduction), ii) the inhomogeneity of 
the microwave field and iii) the selective absorption of the radiation by polar 
compounds. These effects can be used efficiently to obtain results not achievable by 
conventional heating. The issue of non-thermal effects, also called not purely thermal 
and specific microwave effects is still a controversial matter. In 2001, Loupy et al. 
published an interesting “tentative rationalization of non-thermal effects”,9 which they 
extended to consecutive books,10 in which the nature of the microwave effect was 
carefully studied, analysed and classified considering the reaction medium and the 
reaction mechanism. However, some other authors have always postulated that 
specific microwave effects do not takes place in MAOS.11  
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To quote Stuerga, a recognised researcher in analysis of different theories and results 
on the existence of non-thermal microwave effects, he concluded: “Is it necessary to 
obtain a microwave athermal effect to justify microwave chemistry? Obviously no, it is 
not necessary to present microwaves effects in a scientific disguise. There are many 
examples where microwave heating gives particular time–temperature histories and 
gradients, which cannot be achieved by other means especially with solid materials. 
Hence, rather than claiming non-thermal effects it is better to claim a means or a tool 
to induce a specific thermal history”.12 
 
Nevertheless, there are certain examples that have aimed to study the incidence of 
non-thermal microwave effects helped with different methodologies. These, in most 
cases, also achieved the objective of finding the optimum microwave experimental 
conditions to reach the maximum yields, selectivity and purity in a reaction. These 
methodologies are collected as follows: 
 

− Microwave irradiation with simultaneous cooling allows to introduce higher 
levels of microwave energy into the reaction mixture while maintaining the 
bulk of the material at a relatively low temperature by cooling the vial with a 
stream of compressed air or a microwave transparent cooling liquid. Among 
the first to use this methodology was Singh et al. for the substitution of the 
2(1H)-pyrazinone scaffold at position N1 via Cu (II)-mediated cross-
coupling.13 The yields were 13-17% higher compared to conventional reaction 
at room temperature when the reaction was tried at 0ºC, measured with a 
fibre optic device. When reaction was performed at 0ºC without microwave 
irradiation, no reaction was observed. In contrast to the latter studies in 
which cooling was applied externally to the reaction vessel, Horikoshi and 
Serpone,14 designed a three-pronged microwave double cylindrical cooling 
reactor consisting of an internal cooling system and an accurate control of 
temperature measured with a fibre-optic probe. The advantage of internal 
cooling is to reduce the condensation on the reactor surface, which happens 
when the sample is cooled externally and would attenuate significantly the 
microwave radiation reaching the reaction mixture and thus having an impact 
on reaction efficiently (Figure 3.2.).  

 
Figure 3.2. Illustration of the possible temperature distributions and microwave irradiation situations 

that might make the difference in efficiency between internal and external cooling conditions. 
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Microwave irradiation afforded higher yield than conventional heating for 
identical conditions of temperature and the authors claimed that these results 
reflected the presence of specific non-thermal microwave effects, in terms of (i) 
a lower activation energy, and (ii) more efficient molecular collisions among 
the reacting partners. 

− Binner et al. developed a microwave/conventional hybrid furnace that could 
provide a good and direct comparison of data obtained under conventional 
heating and microwave irradiation. This apparatus can heat the samples using 
pure conventional heating, pure microwave heating or in hybrid mode with 
fixed amounts of microwave energy being supplied (Figure 3.3.).15 In this case 
is possible to eliminate the uncertainties associated with the temperatures 
measurements as well as the inability to vary the energy source without 
simultaneously affecting a wide range of other variables. Therefore, direct 
comparison is possible. 

 
Figure 3.3. Schematic diagram of test cavity showing arrangement for heating sample and 

positions of temperature sensors. 

Different investigations have been followed with such furnace involving both, 
a single mode cavity and a multimode cavity. In all cases, it was believed that 
clear evidence was found to support the existence of a genuine “microwave 
effect” being temperature gradients within the samples, a potential cause of 
the effect, too small to explain the results. So, during sintering of three 
ceramics with different microwave absorption characteristics,15 evidence of a 
microwave effect was illustrated by the fact that the measured final densities 
of the samples was higher by the presence of a microwave field with the 
enhancement becoming more significant the greater the level of microwave 
power used and for materials that absorbed microwave more readily. 

− Silicon carbide vessels (Figure 3.4.) present high microwave absorptivity, as 
well as other interesting properties.16 Thus, these vials have been designed for 
the purpose of separate thermal from specific/non-thermal effects.17 It was 
speculated that because of the high microwave absorptivity of SiC, any 
material contained within the vial would be effectively shielded from the 
electromagnetic field. With the main aim of investigating the significance of 
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specific and non-thermal microwave effect, this concept was applied to a wide 
variety of microwave-assisted chemical transformations.17a, 18 

 
Figure 3.4. Reaction vial made out of sintered silicon carbide (SiC) and a standard 10 mL Pyrex 

vial. 

In some cases, it confirms that only bulk temperature effects are responsible 
for the observed enhancements and that the electromagnetic field has no 
direct influence on the reaction pathway. But, focused on the “shielding 
potential” of SiC vessels, other authors presented that the electric field and 
power density distribution within a SiC tube is dependent upon the dielectric 
properties of the solvent within it and on the temperature. For solvents with 
high microwave absorptivity -such as an ionic liquid- the SiC vials do not 
eliminate the volumetric heating (even with thicker walls) and the relative 
contribution of heat transfer and dielectric heating mechanisms is dependent 
upon the temperature of the solvent.  

− A microwave athermal reaction can be studied by working at 1 GHz in which 
the non-thermal microwave effect could be elucidated due to the non-presence 
of thermal effects. A microwave reactor irradiating at 1 GHz was used for the 
esterification of aromatic acids with alcohols at atmospheric pressure.19 

− Another method described in the literature by Leadbeater et al. aimed to 
probe “microwave effects” using of Raman Spectroscopy.20 The idea is that 
since Raman spectroscopy relays in the polarizability of a molecule, it could 
be the ideal technique for investigating how the electromagnetic waves could 
couple selectively to a more polar region of a molecule or distort the electron 
cloud of a molecule, and it could probe observable changes in the reaction 
mixtures on a microscopic level in real time. 

− By measuring the variations of the electrical conductivity of a solution with 
microwave power at 2.45 GHz, Huang et al. validated the existence of a non-
thermal microwave effects in low-level intensity electric fields.21 Several 
techniques had to be developed to be able to measure the voltage and the 
electrical conductivity variations on electrolyte aqueous solutions with the 
microwave power at 2.45 GHz. 

− The field of computational chemistry22 has had a great impact in the organic 
community in the last decades, helping in the understanding of organic 
chemistry, developing new theories and providing important supporting 
evidence for experimentally derived insights. Therefore, this technique has 
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also been used in order to study the effects caused by the microwave 
irradiation.  

 
Computational calculation on the analysis of MAOS reactions 
 
It is now clear that experimental determinations of the “so-called” non-thermal effects 
are hindered by the interference of thermal heating and the inaccuracies produced in 
the determination of the reaction temperature. Moreover, it is still extremely difficult 
to design procedures that accurately reproduce, with either microwave or conventional 
heating, the same conditions (considering the differences of both techniques). In this 
regard, computational chemistry could help to determine the occurrence of thermal 
and non-thermal microwave effects in any particular reaction by determining the 
thermodynamic, kinetics and physical parameters, as well as, the reaction 
mechanisms. Moreover, it allows the development of predictive models in order to 
study when a reaction can be improved under microwave conditions and to 
understand the effects of microwave irradiation. 
 
In the literature, there are few examples of the use of Computational Chemistry in 
MAOS. One of the first was reported by Cossío et al., who used density functional 
theory calculations (B3LYP/6-31G(d) level) to provide an explanation for the 
stereodivergent outcome observed in the Staudinger reaction.23 Under microwave 
irradiation the route involving direct reaction between the acyl chloride and the 
imine, i.e., the more polar route, competes efficiently with the ketene-imine reaction 
pathway. Both competitive processes in these reactions are subjected to 
torquoelectronic effects and the polarity of the solvent, which enhances the 
diastereomeric excess of the reaction (Scheme 3.1.).  

 
Scheme 3.1. Analysis of the stereodivergent outcome of the Staudinger reaction under microwave 

irradiation. 

Also, Hu et al.24 found that the difference of diastereoselectivities between thermal 
and microwave-assisted Staudinger reactions, at the same temperature, could be 
attributed to temperature gradients generated in the microwave reaction because 
reactants and intermediates are more polar than solvents.  
 
Loupy et al. focused on the study of irreversible Diels-Alder cycloadditions to 
determine the occurrence of any significant microwave effect under solvent free 
conditions.25 In most cases, the regioselectivity was not affected by microwave 
activation and remained identical as obtained under conventional heating. The only 
case with a slight modification of selectivity is observed in the reaction of 1-
ethoxycarbonylcyclohexadiene with phenyl acetylene and, specially, in the reaction of 
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2-methoxythiophene with dimethyl acetilendicarboxilate (DMAD) in acetic acid, 
where the regioselectivity is strongly affected by the mode of activation. The Michael 
adduct is highly predominant versus the Diels-Alder adduct under microwaves. 

 
Scheme 3.2. Diels-Alder irreversible cycloadditions of 1-ethoxycarbonylcyclohexadiene and 2-

methoxythiophene, with acetylenes dienophiles. 

These results were supported by ab initio calculations taking into account the 
activation energies, the dissymmetry in TS geometries and enhancements of dipole 
moment from ground state (GS) to transition state (TS). In this sense, the absence of 
MW effects in the reaction of 1-ethoxycarbonylcyclohexadiene (Scheme 3.2) is due to 
a synchronous transition state, without development of charge along the reaction 
coordinate. Subsequently, the reaction depicted in Scheme 3.2 occurred via 
asynchronous transition state with development of charges. The large enhancements 
in dipole moments from GS to TS in the reaction between thiophene and DMAD 
could give an explanation for the most important MW effects in these cases. So, the 
asynchronous Diels-Alder cycloaddition is strongly favoured under MW condition 
when performed in an aprotic solvent. The calculations of the relative activation 
energies ΔEa are clearly in agreement with experiments; the calculated values are 
respectively, 20.4 and 21.9 Kcal mol-1 (in polarity, 5.4 vs 6.1 D) for Diels-Alder versus 
Michael reactions. Contrary, when the process is carried out in a protic solvent the 
Michael addition is favoured due to the high polarity of its TS.  
 
These results are in agreement with the qualitative theory proposed by Loupy et al.26 
“If the polarity of a system is enhanced from the ground state to the transition state, 
it can result in an acceleration due to an increase in material-wave interactions during 
the course of the reaction”. Kappe et al. revaluated this reaction introducing a 
multiple fibre-optic probe system as accurate temperature measurement device in both 
the microwave and the conventionally heated reactors and assure an efficient 
stirring/agitation of the mixture. In further studies, other authors found no evidence 
for any non-thermal microwave effects in this reaction.27 
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Also, the polarizability of some species has been described to influence reactions under 
microwaves. Langa et al.28 described how the cycloadditions of N-methylazomethine 
ylides to C70 gave three regioisomers a-c by attack at the 1-2, 5-6 and 7-21 bonds 
respectively (Scheme 3.3.). 

 
Scheme 3.3. Isomers obtained in the cycloadditions of C70 and N-methylazomethine ylides, a (1-2), b (5-6), c (7-

21). 

Under conventional heating, isomer c was formed in a low proportion and isomer a 
was found to predominate. The use of microwave irradiation in conjunction with 
ODCB (o-dichlorobenzene), which absorbs microwave efficiently, gave rise to 
significant changes. In contrast to classical conditions, isomer c was not formed under 
microwave irradiation regardless of the irradiation power and isomer b predominated 
at higher power (Figure 3.5.). 

 
Figure 3.5. 1H NMR region of the methyl group: a) classical heating in toluene as solvent, b) classical heating in 

ODCB as solvent, and c) microwave irradiation in ODCB at 180 W, 30 min. 

A computational study on the mechanism of the cycloaddition showed that the 
reaction is stepwise. The computational results suggest that the relative ratio isomers 
a-c can be explained by considering that, under kinetic control, microwave irradiation 
favoured the formation of the product corresponding to the hardest and least 
polarizable transition state (Figure 3.6.). It is noteworthy that purely thermal 
arguments predict the predominance of the c under microwave irradiation, which is 
the opposite of the result found experimentally. 
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Figure 3.6. Electrostatic potentials mapped onto electron densities for transition structures TSa-c. In brackets 

polarizability values. 

In a similar way, Elander et al.29 described a quantum chemical model of an SN2 
reaction (Cl– + CH3Cl → ) in a microwave field in order to study the effect of 
microwave radiation on selectivity. Again, a variation of the polarizability was 
observed. However, while the perpendicular component is practically unchanged 
during the reaction, the polarizability component, parallel to the reaction coordinate, 
increased dramatically when the system proceeded along the reaction path. This 
parameter increases from a|| = 34 au in the starting materials to 92 au for the 
transition state geometry. A significant increase occurs just after the van der Waals’ 
minimum, where the potential energy starts to grow and the most important chemical 
transformation develops. The authors emphasise the importance of taking into 
consideration solvent effects and, in addition, the following points were established: 

 
i. From the study of the gas phase reaction complex, they concluded that the 

effects of induced dipole moment on the microwave energy absorption are 
negligible when compared to the microwave energy absorption caused by the 
permanent dipole moment. 

ii. The study of the non-gas phase environment should include solvation shells. 
The models of the water-solvated reaction complexes were all known to 
possess low frequency vibrations or hindered rotations with frequencies 
overlapping that of the microwave radiation typically used in microwave-
enhanced chemistry. Considering all these points, it was concluded that 
absorption of microwave photons may play an important role in these types of 
reactions. 

 
As in the first example described before, the polarity of intermediates and transition 
states has also been used to explain the difference in the results obtained under 
microwave irradiation. In our research group, Díaz-Ortiz30 prepared nitroproline esters 
by [3+2] cycloaddition of imines (derived from α-amino esters) with β-nitrostryrenes in 
the absence of solvent (Scheme 3.4.). Conventional heating using toluene as solvent 
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produced isomers a and b, as expected, by endo and exo approaches. However, in the 
absence of solvent a new compound (isomer c) was obtained both under classical 
heating conditions and under microwave irradiation. Formation of the second dipole 
under microwave irradiation would be related to its higher polarity (2.8 vs 1.9 D). 

 
Scheme 3.4. Postulated mechanism of formation of nitroprolines. 

Furthermore, in an effort to prove the reproducibility and scalability of solvent-free 
reactions, Díaz-Ortiz reinvestigated five solvent-free reactions previously carried out in 
microwave domestic ovens.31 They translated them into a single-mode microwave 
reactor and then scaled up in multimode oven reactors. The results showed that most 
of these reactions, although they could not be considered as reproducible as other 
reactions, can be easily updated and applied in new commercially available microwave 
reactors using temperature-controlled conditions. Further computational calculations 
showed that reactions, in which a moderate or medium increase in polarity in the 
pathway is involved towards products, are relatively easy temperature-controlled 
processes under microwave irradiation. In contrast, large increases in polarity during 
the reaction path give rise to extreme absorptions of microwave energy and make 
these processes more difficult to control. 
 
It is also known that microwave irradiation may favour thermodynamically controlled 
products. In this sense, de la Hoz et al. described the benzylation of 2-pyridone in 
solvent-free conditions in absence of base under conventional heating and microwave 
irradiation (Scheme 3.5.).32 This reaction produced interesting modifications in the 
selectivity and depended on the leaving group and the mode of heating.  
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Scheme 3.5. Benzylation of 2-pyridone under solvent-free conditions in the absence of base.  

A computational study, using semiempirical AM1/SM5.2 model, was performed in an 
attempt to understand the modification in selectivity. It was observed that the N-
alkylation occurs through an SN2 mechanism and the calculations showed that is 
kinetically favoured, having the lowest activation energy. However, the C-alkylation 
occurs through a SNi mechanism; this last example is favoured thermodynamically and 
observed only under microwaves conditions. Moreover, it was also observed that 
under microwave irradiation, the product for the N-alkylation is present, which could 
occur through a SNi mechanism. In this case the activation energies for N- and C- 
alkylation are similar, while the increase of polarity is higher in the SNi mechanism. 
This modification induced by microwave irradiation could be explained through a 
“non-thermal” effect.  
 
Similar results were observed in the cycloaddition of pyrazolylimines with dienophiles 
to afford pyrazolo[3,4-b]pyridines, reported by Díaz-Ortiz,33 where depending on the 
election of the dienophile, a regiodivergent outcome was observed. Ab-initio 
calculations showed that microwaves induced the thermodynamic product and that 
the regiocontrol was determined by Coulombic interaction rather than by FMO 
overlap.  
 
The thermodynamic control plays an important role in the Diels-Alder cycloaddition 
of 3-styrylchromones with N-methyl and N-phenylmaleimide under microwave 
irradiation and solvent free conditions.34 A DFT study shows that (Z)-3-
styrylchromones produces endo cycloadducts (kinetically and thermodynamically 
controlled) while (E)-3-styrylchromones produce exo cycloadducts (thermodynamically 
controlled) (Scheme 3.6.).35 

  
Scheme 3.6. Schematic reaction of 3-styrylchromones with N-R maleimide studied computationally. 

Finally, our research group aimed to determine the energetic and physical parameters 
required to improve a reaction under microwave irradiation and to use computational 
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calculations as predictive tools performed an exhaustive DFT study of previously 
reported reactions (Scheme 3.7); so Prieto et al. focused on the reaction of nitroindoles 
with dienes36 and two intramolecular Diels-Alder reactions (IMDA) reactions: 
Cycloadditions of N-alkyl-2-cyano-1-azadienes,37 Hetero-Diels-Alder reactions of (1H)-
pyrazinones in ionic liquid-doped solvents.38 These reactions were unsuccessful under 
classical heating or required long reaction times at high temperatures and, sometimes, 
high pressures. A brief computational study shows that the activation energy of the 
reaction and the polarity of the stationary points are good indicators of this 
possibility.39 

 
Scheme 3.7. (i) Reaction of nitroimidazole with dienes (ii) IMDA reactions of 2-cyano-substituted N-

alkylazadienes. (iii) IMDA reactions of (1H)-pyrazinones 

In light of these results, a series of interconnected conclusions could be drawn: 
- Reactions with activation energies below 20 Kcal mol–1 occur easily by 

conventional heating and improvements are not expected under microwaves. 
Therefore, microwave irradiation may have a beneficial effect if these 
processes are endothermic. 

- Reactions with activation energies from 20 to 30 Kcal mol–1 can be improved 
under microwave irradiation without the use of harsh reaction conditions 
(e.g., high pressure, pyrolysis).  

- Reactions with activation energies above 30 Kcal mol–1 cannot be performed 
either under conventional heating or microwave irradiation. However, the 
use of microwave susceptors such as Ionic Liquids or highly polar solvents 
(microwave flash heating) can improve these processes. 
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3.2 Applied Computational Chemistry towards Microwave Chemistry. 
Results and discussion 

 
Nowadays, the advantages of controlled microwave heating for synthetic purposes are 
well characterised. However, the reason as to why and how any given chemical process 
is improved under microwave irradiation is still unknown. In this context, the basis 
for this work is funded on using computational chemistry tools in an effort to identify 
and quantify the parameters necessary to perform reactions under microwave 
activation.  
 
Microwave irradiation is particularly successful in homogeneous transition metal-
catalysed reactions.40 This success is mainly due to the possibility of avoiding the long 
reaction times that are frequently required for full conversions and the fact that 
microwave irradiation can reduce decomposition of the catalyst. In these type of 
reactions, the transfer of energy is completely different and the role of the 
organometallic species under microwave irradiation is mostly unknown.  
 
This problem could be overcome by using theoretical calculations. This methodology 
can be efficiently used to estimate the influence of microwave irradiation because it 
can quantify aspects such as the activation energy required,35, 39 the polarity of the 
species,41 and the influence of reactants, solvents or susceptors as ionic liquids.42 Also, 
it is possible to evaluate different reactions paths. 
 

Organometallic reactions. The energetic span model 
 
In this section we have evaluated the influence of the microwave irradiation in 
organometallic processes, which normally involves a catalytic cycle. In order to 
perform a correct computational study of these reactions, it is necessary to introduce 
the energetic span model.43 The vision of most chemists have of a catalytic cycle it is 
a wheel with many individual chemical steps, all of which spin in a consecutive and 
coordinated manner at a common “speed”. In any reaction which depends on the 
catalyst, the “speed” is defined by the turnover frequency (TOF),44 

                                            
representing the number of cycles (N) per catalyst concentration (C) per time (t). The 
TOF determines the efficiency of the catalyst and it has become more important to 
have a better understanding of the processes involve to allow a better control and an 
improve design of the catalysts. The manner by which this can be achieved has been 
sought by both experimentalist and computational chemists,45 with different 
approaches: while the k-representation is mostly used by the former, the E-
representation is employed mostly by theorist. Eyring’s transition state theory serves 
as a bridge together with the energetic span concept,46 which if it is used in 

TOF =
N

[C]t (1) 
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combination with the Christiansen formulation,47 can represent the TOF as a catalytic 
flux law, which gives the rate of the reaction as the chemical current of the reaction 
divided by the resistance (Figure 3.7.). 

 
Figure 3.7. The TOF is given as the chemical current determined by the potential (function of the reaction 

energy) divided by the resistance (function of the mechanism). 

The concept behind the energetic span model comes from the Arrhenius rate of a 
reaction, starting from the active specie preceding the determining transition state Ca,  

                                     
considering that the concentration of the active species is given by the Boltzmann 
distribution relative to the lowest intermediate (Co), 

                                   
the rate of a catalytic reaction can be determined by substitution, 

   then                

where δE  is defined as the energy difference between the lowest and highest points of 
the cycle (Scheme 3.8.). 

 
Scheme 3.8. Energy profile of a reaction with the representation of the lowest and highest points. 

In that sense, the nature of a catalytic cycle states that after the first turnover, the 
catalyst restarts a new cycle but the starting point for that new cycle is now below 
the original by the reaction energy, ΔGr (Figure 3.8.). 
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eq 5 to Christiansen's k-formulation13 results in a much
simpler formula for serial catalytic cycles (Figure 3) of N
steps, due to cancellation of terms. These derivations
were explained in the original literature,6,14 and here we
show the final form:

TOF ¼ kBT
h

e-ΔGr =RT -1
PN

i, j¼1
e(Ti - I j - δGi, j0)=RT

¼ Δ
M

ð6Þ

with

δGi, j0 ¼ ΔGr if i > j
0 if ie j

!
ð7Þ

By analogy to Ohm's law, eq 6 represents the TOF as a
catalytic-flux law (Figure 6).17 The TOF is given as the
forward chemical current of the reaction, determined by
the potential divided by the resistance. The potential of
the process is Δ, a function of the energy of the reaction
(ΔGr); the “-1” term provides thermodynamic consis-
tency for the case with ΔGr = 0, for which the TOF is zero,
or in the case of an endothermic reaction where the
current flows backward and the TOF is negative. The
resistance to the chemical flow is given byM, correspond-
ing to the sum of exponentials of Gibbs energy differ-
ences between all the combinations of intermediates (Ij)
and transition states (Ti).

The term δG0 which appears in the M expression derives
directly from the translation of the k- to the E-representation.
Thus, δG

i,j

0 = ΔGr whenever the ith TS follows the jth inter-
mediate in the forward direction, or zero if the TS precedes
the intermediate (eq 7). δG0 resolves the dilemmaof Figure 5:
as we are correcting this with the δG0 function, it does not
matter if we consider the TS that appears before or after the
intermediate. Applying eq 6 to the cross-coupling profile of
Figure 1 (using E þ ZPE gas phase values and room tem-
perature5,6), we obtain the relative TOF values as TOF(n=3)/
TOF(n = 6) = 1.45. Despite their very different energy

landscapes, both processes are virtually isokinetic! In
addition, having large effective barriers, the two cycles
have TOF values too low (10-16 h-1) to qualify as efficient
catalysts.

This is a good point tomention the technical difficulties to
compute accurate Gibbs energies for the proper use of the
model (i.e., eq 6). The above cross-coupling example is based
on internal energies, but since the cycles (Figure 1) have the
samemolecularity, there is no significant loss of accuracy on
the relative TOFs (see section 9).

4. The Energetic Span Approximation
Equation 6 can be simplified. For exothermal reactions
(ΔGr < 0) the “-1” term in the numerator can be neglected.
More important, the denominator is usually (but not always!)
dominated by a single term of the summation. In these
conditions, eq 6 can be shortened to

TOF ¼ kBT
h

e-δE=RT (8)

where now we define δE, the energetic span, as

δE ¼ TTDTS - ITDI if TDTS appears after TDI
TTDTS - ITDIþΔGr if TDTS appears before TDI

(a )
(b )

(

(9)

Two fundamental terms appear in eq 9: the TDTS (TOF-
determining transition state) and the TDI (TOF-determining
intermediate). These species are the TS and the intermediate
that maximize the energetic span within the cyclic con-
straints according to eq 9a and b, and thereby gauge the
kinetics of the cycle.

Let us point out that this approximate derivation of the
catalytic efficiency can be thought of as an extension of the
Curtin-Hammett principle18 (CHP). TheCHPwas formulated to
treat selectivity of reactions, wherein several intermediates are
in fast pre-equilibrium, followed by larger barriers to produce
different products. The product ratio is determined solely by
the energy difference of the transition states for the competing
processes.

Additionally, we point out that in some communities the
TDI is described by the term “resting state” (as it is the most
populated intermediate), while the TDTS is termed as “the
rate-limiting TS”. However, we prefer to use the terms TDI
and TDTS, which are functional and neutral terms describing
the fact that these species determine together the TOF of a
cycle. Thus, from eq 8, δE (given in Gibbs energies) serves as
the apparent activation energy of the cycle.19 As such, the
smaller the energetic span, the faster the reaction.20-24

FIGURE 6. Equivalent to Ohm's law, the TOF is given as the chemical
current determined by the potential (function of the reaction energy)
divided by the resistance (function of the mechanism).
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Figure 3.8. Two cycles in the continuous series of turnovers of a catalytic reaction. 

Having said that and following the analogy made between the TOF as a catalytic 
flux, for exothermic reactions, the equations can be simplified to 

                                 

where E can be defined in relation to two terms which appears from this equation: the 
TOF-Determining Transition State (TDTS) and the TOF-Determining Intermediate 
(TDI).43 

This means that under normal conditions, at the highest point of the reaction, the 
TDTS, would appear after the TDI (it doesn’t have to be consecutive steps), the 
energy difference, i.e. the so-called energetic span, would serve as the apparent 
activation energy of the catalytic cycle that would determines the catalytic efficiency, 
and as such, the smaller energetic span, the faster the reaction. 

In conclusion, this model can be summarised in the following states: 

− either of the transitions states would determine the kinetics of the catalytic 
cycle, and even if a catalyst would lower the energy of the TDTS, that would 
mean that the kinetics are faster, since the effect of the catalyst can also 
change the energy or identity of the TDI. 48 

− the common concept is that the rate-determining step (RDS) is “the slowest 
step of the reaction”.44, 49 In catalytic cycles, it is best not to consider rate-
determining steps but rate determining states.  

− the TDI and TDTS must be the ones that maximise the energetic span, the 
determining states may be different from the extreme state of the energy 
graph (Figure 3.9.).49b, 50 
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2. The Energetic Span Concept
The energetic span (δE) term was coined by Amatore and
Jutand.16 Starting from the active species (Ca, the intermediate
preceding the determining transition state) and according to
Arrhenius, the rate of reaction is

r ¼ [Ca]A e- Ea=RT (2)

Since the concentration of the active species is given by
their Boltzmann distribution relative to the lowest inter-
mediate (C0), we have

[Ca] ¼ [C0] e-ΔE=RT (3)

Inserting eq 3 into eq 2 we get

r ¼ [C0]A e- Ea þΔEð Þ=RT

EaþΔE ¼ δΕ
(4)

where δE is defined as the energy difference between the
summit and trough of the cycle (Figure 4).

The insightful Amatore-Jutand equation (eq 4) is accu-
rate only when the energy of the reaction (ΔGr) approaches
zero, in which case the forward rate also approaches zero.

The reason lies in the “Ouroboros-like” nature of a catalytic
cycle: once one turnover is completed, the catalyst restarts a
new cycle, wherein the starting-point is now below the
original one by the reaction energy, ΔGr. In this case, do
we apply the Boltzmann distribution (eq 3) with respect to C0
of the first or the second cycle (see Figure 5)? We must take
this cyclic nature into account, but how?

3. Accurate TOF Calculation
Based on Eyring's transition state theory, we can move
between the k- and E-representations of each chemical step
using eq 5 (Figure 2):

ki ¼
kBT
h

e-ΔG 6¼i =RT ¼ kBT
h

e(I i-1 - Ti)=RT

k- i ¼
kBT
h

e-ΔG6¼- i=RT ¼ kBT
h

e(I i - T i )=RT
(5)

Herein, Ii and Ti symbolize the standard-state Gibbs en-
ergies of the ith intermediate or transition state. Applying

FIGURE 3. Scheme of a simple “serial” catalytic cycle along with the
Ouroboros, the alchemical dragon biting its own tail, symbolizing the
periodicity of the cycle.

FIGURE 4. The original approximate energetic span (δE) definition:16

the energy difference between the summit and trough of the cycle,
following Arrhenius and his mentor Boltzmann.FIGURE 2. Two languages: Rate constant (k) representation versus

energy (E) representation. The k-representation is mostly used by
experimentalists, while the E-representation by theoreticians. Eyring's
transition state theory serves as translator.

FIGURE5. Two cycles in the continuous series of turnovers of a catalytic
reaction. Is Ca in equilibrium with C0 of the first or of the second cycle?
The Ouroboros nature of catalysis does not allow one to define a
Boltzmann distribution unless ΔGr = 0.

TOF =
kBT

h
Ae�

�E
RT (6) 

�E =

⇢
ETDTS � ETDI

ETDTS � ETDI +�Gr

�
if TDTS appears after the TDI                (7) 
if TDTS appears before the TDI              (8) 
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Figure 3.9. Representation of a given reaction mechanism where TDI and TDTS are present.  

In this context, we have selected three different organometallic reactions previously 
reported in the literature in which it claimed a beneficial effect of the microwave 
irradiation. 
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3. There Are No Rate-Determining STEPS, but Rate
Determining STATES. The rate-determining step (RDS) is a
deeply rooted paradigm in the kinetic community, although it
has been criticized as not necessary,43 misleading,44 or out-
moded.45 Is the RDS a real physical concept for catalytic cycles?
Can we answer this question using the energetic span model?

The common, naïve definition of the RDS is “the slowest
step of the reaction”.26,44,46 However, in a steady-state regime,
all steps proceed at the same rate, and therefore, this definition
is flawed.43,44 The IUPAC definition is (in a simplified form) the
step whose rate constant exerts the strongest influence on the
overall rate of the reaction, when all the equilibrium constants
(K) are held constant (this resembles Campbell's degree of
rate control, see eq 10).27,47,48 However, as we saw in
section 5, this actually means a change in a TS energy:when
wewere considering rate-determining steps, we in factmeant the
rate-determining TS.26,27,32

Besides, from eqs 8 and 9, we know that the influence of
the intermediates is equally significant (and easier to

study49,50). Moreover, as the TDI and TDTS are not necessa-
rily adjoined (as in Figure 12),26,27 several steps can partici-
pate in the shaping of the kinetics.9,25,51-53 Therefore, there
are no rate determining STEPS, but rate determining STATES!

9. A Word of Caution
The energetic spanmodel permits the kinetic assessment of
computationally calculated catalytic cycles. However, it is
important to bear in mind the approximations behind this
expression and thereby stress the correct usage of δE as a
predictor.

The model is derived with three conditions: (i) transition
state theory (TST) is valid, (ii) a steady state regime is appli-
cable, and (iii) the intermediates undergo fast relaxation.

For systems where TST is insufficient, for example when
having tunneling or other reasons where the transmission
coefficient κ is different than one, it is always possible to
convert κ to an exponential term and add it to the energy of
the TS as a correction.

Steady state can be typically achieved after some turn-
overs. Some exceptions are systems wherein the reaction is
too fast, or where there is a chaotic behavior. Fast relaxation
of the intermediates is easily reached in a solvent or under
moderate pressure in the gas phase.

Another key point is the fact that TST requires Gibbs
energies (G). Computationally, accurate G's are harder to
obtain than internal energies (E), since thermal/entropic
corrections rely on several approximations, such as harmo-
nic potentials or ideal-gas expressions. Solvation Gibbs en-
ergies provide further difficulties, as the entropic factors are
strongly diminished if there are strong solute-solvent inter-
actions, up to a point where it is sometimes better to
completely neglect the entropic contributions.35-40 Never-
theless, if we have the samemolecularity at the determining
states of the reactions, E and G will give similar results (this
was considered for the cross-coupling example of Figure 1).

FIGURE 11. (A) Energy profile of a model catalytic cycle. T1 and I2 are
the maximum and minimum energy states. Nevertheless, as T1
precedes I2, eq 9b shows that the activation energy would be reduced
by the reaction energy term. T2 and I1 are not extreme states in this
representation, but as T2 follows the intermediate, we must use eq 9a,
which reveals that combination of I1 and T2 maximizes δE and these
states result the TDI and TDTS. (B) The condition of eq 9b can be
rationalized by recognizing that since the cycle “flows forward”, we
cannot take I2 and go backward to T1. Insteadwemust consider I2 along
with the T1 in the following turnover, energetically equivalent to T1- I2
þΔGr. Note that ifwe start the cycle at theTDI, then theTDTSwill always
be the highest point.

FIGURE 12. Which step is the rate-determining step? Step 1, with the
highest energy TS? Step 2, having the highest activation energy? Or
maybe step 4, containing the TDTS? The answer is neither is right; the
kinetics is determined by the TDI and TDTS, and follows the maxim:
“There are no rate-determining STEPS, but rate determining STATES!”
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3.2.1 DFT Studies on Cobalt-Catalysed Cyclotrimerization Reactions 
under Microwave irradiation 
 
Previous work 
 

The [2+2+2] cobalt-catalysed cyclotrimerization reaction represents a facile route for 
the preparation of highly substituted arenes and heterocyclic systems in a single 
operation.51 The effect of microwave in this process was first described by Deiters et 
al.,52 where a synergistic effect could be theorised by the application of microwave 
irradiation and polymeric solid supports. This reaction was highly improved under 
microwave irradiation, and in some cases the reaction only takes place exclusively 
under microwave activation. The mild reaction conditions enable the use of a wide 
range of substrates to give the desired products with high chemo- and regioselectivity. 
 
Initially, Deiters et al.52 performed the reaction between trityl-protected dipropargyl-
amine 1 and benzonitrile 2 to obtain the fused pyridine 3 (Scheme 3.9.). The 
cyclotrimerization was performed in toluene, as a nonpolar solvent, at 110 ºC with 
[CpCo(CO)2] (10 mol%) under microwave irradiation (300 W) for 10 min. After 
removal of the protecting group with TFA, the NH unprotected compound was 
obtained in 46% yield. When the reaction was performed under conventional heating, 
only 9% yield was obtained; even if the reaction time was extended to 24 h. The 
modest yield of 3 (46%) in solution is a result of the formation of benzene by-products 
through di- and trimerization of the starting diyne, a problem commonly encountered 
in cyclotrimerization reactions of reactive diynes (especially terminal diynes). This 
problem was solved through spatial separation of the diynes by immobilization on a 
polystyrene resin. On using microwave heating, the immobilised diyne 1 delivered the 
fused pyridine 3 in excellent yields (92%) and with high purities after cleavage from 
the resin (Scheme 3.9.). 

 
Scheme 3.9. Microwave-assisted solid-supported formation of fused pyridines. 

The authors postulated that the notable improvement observed under microwave 
irradiation couldn’t be explained simply as a consequence of more effective heating. A 
possible explanation could be the lowering of activation barriers in the multistep 
cyclotrimerization mechanism through specific dipole-dipole interactions of the electric 
field induced by microwave irradiation of polar intermediates (for example 
metallacyclopentadienes) or polar transition states. 
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A recent reinvestigation, from Kappe’s research group, of this reaction involved 
accurate internal reaction temperature control and matched heating and cooling 
profiles for both types of heating mode as close as possible. The results showed that 
microwave effects do not exist for this [2+2+2] cyclotrimerization reaction.53 The Co-
catalysed [2+2+2] cyclotrimerization required 160 ºC to achieve complete conversion 
within 20 min under microwave conditions to obtain the isolated product in 78% 
yield. The experiment carried out with an oil bath with a similar temperature profile 
as in the microwave run also gave full conversion and a similar isolated product yield 
(75%).18 
 
As mentioned before, Kappe et al. had reported the use of silicon carbide (SiC) 
reaction vessels as an interesting alternative to the commonly used Pyrex glass vessels 
in microwave-assisted reactions.17a, 18 Silicon carbide is a chemically inert ceramic 
material with an extremely high melting point and very low thermal expansion 
coefficient. The realization of this reaction under identical conditions making use of 
the SiC vial, led a conversion of only 45–60%. The authors described this phenomenon 
to an enhanced thermal decomposition of the Co catalyst on the hot SiC vessel 
surface, which has a higher porosity. In subsequent works,16 these same authors 
showed, through electromagnetic simulations and microwave experiments, that SiC 
tubes do not completely exclude the electric field from the reaction medium at 
ambient or slightly elevated temperatures and the effect depends on the 
solvent/reaction mixture used. Their results suggested that the influence of the 
electric field shouldn’t be neglected when interpreting microwave-assisted synthesis 
experiments in silicon carbide vessels. 

 
Many transition-metal complexes have been used to catalyse or mediate in [2+2+2] 
cyclotrimerization reactions. Cobalt complexes of the type CpCoL2 (L = CO, PR3, 
alkenes) have been used extensively for the cyclotrimerization of alkynes and they are 
probably the most studied catalysts for these transformations.51c, 54 Numerous 
experimental and theoretical studies have been undertaken in an effort to understand 
these fundamental transformations and to elucidate the mechanistic aspects of 
homogeneous organometallic catalysis. In this respect, some computational studies 
have been reported in the literature.55 
 

Computational study of the Potential Energy Surface (PES) 
 
With the precedents outlined previously, we performed a study into the reaction 
described by Deiters et al. (Scheme 3.9.). The aim of this work was to carry out a 
thorough computational mechanistic study of this reaction and also explaining the 
effect of microwave irradiation in organometallic reactions. In order to clarify the 
reaction mechanism, we will describe the catalytic cycle for this reaction. 
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The widely accepted mechanism is represented in Scheme 3.10., it is known that this 
process takes place through a nonadiabatic mechanism (two-state reactivity), which 
takes into account the possible crossings between singlet and triplet potential energy 
surfaces (PES). Initially, two alkyne partners coordinate to the metal to afford 
complex II. This complex undergoes subsequent oxidative coupling to the 
cobaltacyclopentadiene III, which spontaneously relaxes to the triplet ground state 
3[III]. At this point three alternatives are possible depending on the nature of the 
ligands:56 
 

i. With strong s-donor solvents or ligands such as PR3 or CO, complex 3[III] is 
trapped to give the 18e-complex IV, which affords the cobaltanorbornadiene 
V by intermolecular [4+2] cycloaddition with electron-poor alkynes. This 
species undergoes elimination to give the arene and CpCoL, this species can 
coordinate with two alkyne molecules and restarts the catalytic cycle. 

ii. In the absence of strong s-donors and electron-poor alkynes, complex 3[III] 
reacts with the alkyne to give VI, which subsequently evolves to the 
CpCo(h4-arene) complex VII through an intramolecular metal-assisted [4+2] 
cycloaddition. A spin change affords the 20-electron sandwich complex 3[VII]. 
Finally, dissociation of this species provides the free arene and CpCo, which 
reinitiates the catalytic cycle after coordination with a new alkyne.  

iii. Another possible reaction path consists of an insertion of the alkyne into the 
M–C bond of species VI to give complex VIII, which in turn gives complex 
3[VII] after reductive elimination. 

 
Scheme 3.10. General mechanism for the CpCo-catalysed [2+2+2] cyclotrimerization of alkynes. 
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In the computational description of the mechanism, Koga et al. explored singlet and 
triplet spin state potential energy surfaces at the DFT/B3LYP level using large basis 
sets.57 This work took explicit account of the fact that 18-electron cobalt species 
usually exist as singlet ground states, whereas their 16-electron congeners prefer the 
triplet state. Thus, a change in spin state along the reaction coordinate can be a part 
of a mechanism. Despite being labelled as ‘spin-forbidden’, there are a number of fast 
reactions of triplet cobalt species that end in singlet products. Appropriate 
computational methods for the calculation of adiabatic spin-coupled potential energy 
surfaces of cobalt complexes have not been described. However, semi quantitative 
information can be collected from the determination of the enthalpy required for 
accessing a crossing point at which the two spin states differ minimally in structure 
and energy (Minimum Energy Crossing Point - MECP). Although finding such a 
point is not sufficient to evaluate the probability of surface hopping58 with this 
method, the enthalpic data can be calculated and used to explain the results of kinetic 
studies.59 
 

Precatalytic step 
 
It has been reported that the formation of complex II, the first intermediate common 
to all possible catalytic cycles, is a slow process that takes place during the induction 
period, the length of which is temperature dependent.60 The induction period 
decreases with increasing temperature. We started the computational study by 
considering this precatalytic path, using the trityl-protected dipropargylamine as 
reagent.  

 
Scheme 3.11. Description of precatalytic step. 

The methyl-substituted analogue was also considered for comparison purposes. A 
conformational study showed that the most stable conformers, representing >98% of 
the total conformer population in each case, are those depicted in Scheme 3.11. The 
relative disposition of the triple bonds in the case of 1b seems to be more prone to 
coordination to the metal. Initially, N-substituted propargylamine displaces 
sequentially two ligands of the metal to form the alkyne complex 5. It has been 
reported that CO and PPh3 exchange occurs through SN1 mechanisms.61  
 
The energy requirement for the formation of 5 from the reagents (1 and CpCo(CO)2) 
is 28.4 Kcal mol–1 when R = Me and 32.1 Kcal mol–1 with a trityl group (Figure 
3.10.). It seems, therefore, that the conformational differences found for 1a and 1b do 
not have a dramatic influence. At this point, having shown that both energy values 
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are similar, we performed all the calculations with N-methyl substituted structures in 
order to minimise the computational cost. 

 
Figure 3.10. Optimised geometries at B3LYP/6-31G(d) of product 1a & 1b. 

Formation of intermediate species between paths 
 
The bisalkyne 5 undergoes spontaneous oxidative coupling to give the corresponding 
cobaltacyclopentadiene 6 (Scheme 3.12.). As already mentioned, these species are 
reported to transform into active catalysts in the case of rhodium- and cobalt-
catalysed reactions.61 Cobaltacyclopentadiene 6 relaxes to the triplet ground state; 
this path is facilitated by the presence of a MECP of the singlet and triplet surfaces 
located at 10.2 Kcal mol–1 relative to the singlet complex. The triplet species 3[6] is 
more stable by 17.4 Kcal mol–1 and the crossing point (CP1) is only 27.6 Kcal mol–1 
higher in energy. Therefore, it is reasonable to believe that the change in the spin 
state occurs easily. The presence of several low-lying MECPs between singlet and 
triplet spin-state potential energy surfaces led to the proposal of nonadiabatic 
mechanism (two-state reactivity).49a, 62 

 
Scheme 3.12. Formation of the intermediate specie, which can undergoes different paths 

At this point the key intermediate3 [6] may follow three different reaction paths 
leading to the reaction product. These reaction paths are discussed in detail in the 
following sections. 
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Reaction path 1 
 

In path 1 (Scheme 3.13.), intermediate 7 is formed when the cobalt complex 
coordinates a new CO molecule (partially dissolved in the reaction mixture). The 
activation energy of this process is 15.1 Kcal mol–1. This intermediate is stabilised by 
strong donor ligands such as PPh3, PMe3 and CO. Intermediate 7 undergoes an 
intermolecular [4+2] Diels–Alder reaction with benzonitrile leading to the bicyclic 
cobaltanorbornadiene 8. The reaction possesses an activation energy of 32.1 Kcal mol-1 
and a reductive elimination of CpCoCO leads to the final product 3. The leaving 
CpCoCO fragment, a 16-electron species, is again more stable in the triplet state. The 
coordination of CpCoCO with a new molecule of 1 leads to a new catalytic cycle.  

 
Scheme 3.13. Reaction path 1 for cyclooligomerization reaction (computed energy values in Kcal mol–1). 

 
Reaction path 2 

 
In path 2 (Scheme 3.14.), the triplet cobaltacyclopentadiene 6 coordinates benzonitrile 
to obtain intermediate 9, with an energy of just 14.4 Kcal mol–1. This specie is 
subsequently transformed into the CpCo(η4-arene) complex 10 via an intramolecular 
metal-assisted [4+2] cycloaddition. A spin change transforms 10 into the 20-electron 
sandwich complex 3[10], whose dissociation provides the free arene and CpCo in the 
triplet state. The transformation 9 to 10 may occur either in a concerted (activation 
energy = 11.9 Kcal mol–1) or stepwise (activation energy = 13.2 Kcal mol–1) process, 
with the former being slightly favoured. 
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Scheme 3.14. Reaction path 2 for the cyclooligomerization reaction (computed energy values in Kcal mol–1). 

 
Reaction path 3 

 
Finally, path 3 involves the transformation of intermediate 9 into a 
cobaltacycloheptatriene 11 by an insertion of benzonitrile into the Co–C bond 
(Scheme 3.15.). Once again the 16-electron species prefers to be in the triplet state 
before it is transformed into intermediate 10 and then, into the final product. 
However, after intensive searches, we couldn’t locate the TS corresponding to the 
insertion mechanism, connecting intermediates 9 and 11, so this mechanism will not 
be considered further in the discussion. 

 
Scheme 3.15. Reaction path 3 for the cyclooligomerization reaction (computed energy values in Kcal mol–1). 
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Therefore, after considering all of the calculated intermediate and transition structure 
energies, path 2 is most likely because it is kinetically favourable. It is noteworthy 
that the global process is highly exothermic. 
 

The origin of microwave activation 
 
In previous studies,35-36, 39 we established that reactions with activation energies below 
20 Kcal mol–1, like the one described here, can be easily performed under conventional 
heating and no improvements are expected under microwave irradiation. However, 
reactions with activation energies within 20 to 30 Kcal mol–1, can be improved under 
microwave irradiation. Therefore, from our computational results, it would seem that 
a thermal effect is operating in this [2+2+2] cyclotrimerization, Microwave thermal 
effects do indeed affect the catalytic induction period, since the energy gap is around 
30 Kcal mol–1. This will result in a shorter induction period or no induction period at 
all. In some cases, it’s described that in many reactions non-thermal effects operate 
together. For this reason, we have studied the existence of a non-thermal effect. 
 
As we have mentioned before, Loupy et al. have reported a rationalization of 
microwave effects in organic synthesis based on medium effects and mechanistic 
considerations.9 In this respect, a polar medium (reactants, solvent or susceptors) 
renders in an acceleration of the reaction rate due to an increase in material-wave 
interactions during the course of the reaction. Some authors have also stated that, 
hard, polar or poorly polarizable28 transition states, or reactions in which the polarity 
increases from the reactants to the TS, can be improved under microwave 
irradiation.25 We have calculated these physical properties for all species involved (see 
ESI for ref42) in order to ascertain whether the [2+2+2] cyclotrimerization follows 
these conditions. Analysis of the results does not show any evidence of improvements 
due to microwave irradiation on considering the polarity of all species.  
 
However, many chemical reactions involve a change in the spin-state and are formally 
forbidden.63 The observed reactivity is determined by two factors. The first factor is 
the critical energy required for the reaction to occur, which in spin forbidden reactions 
is often defined by the relative energy of the Minimum Energy Crossing Point 
(MECP) between potential energy surfaces corresponding to different spin states. The 
second factor is the probability of hopping from one surface to the other in the 
vicinity of the crossing region, which is largely defined by the spin-orbit coupling 
matrix element between the two electronic wavefunctions. Our results indicate that 
this second process is energetically favourable.  
 
In electron transfer reactions radical pairs and biradicals are extremely common 
intermediates in many organic reactions.64 These reactions generally involve the 
formation of transient radical ion pairs. These species are initially formed in a singlet 
state and develop triplet character as a function of time and viceversa (Intersystem 
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Crossing). In some cases a triplet pair escapes the solvent cage and reacts 
independently at a later stage (Figure 3.11.). 

 
Figure 3.11. Schematic illustration of magnetic field and MW effects in radical-pair chemistry 

It is well established that a static magnetic field can affect intersystem crossing in 
biradicals (Magnetic Field Effect, MFE),65 so microwave radiation could provide a 
strong internal magnetic field perturbation on a radical pair.66 Application of a strong 
magnetic field to the singlet-born radical pair leads to an increase in the probability of 
recombination and can also be controlled by microwave irradiation. It has been 
postulated that when the radical ions are separated to distances of the order of 10 Å, 
the internal magnetic fields in the radical ions are able to perturb this correlation. 
These microwave-induced spin dynamics can be regarded as an archetypical non-
thermal microwave effect.67 
 
Wasielewski et al.65 showed that microwave radiation could control the duration of 
photosynthetic charge separation. The large increase in the lifetime of the radical 
pairs by the initial microwave pulse manifests the importance of spin dynamics in 
prolonging charge separation for solar energy conversion, molecular electronics and 
spintronics applications.66f 
 
Bearing in mind that in a non-adiabatic mechanism the key species is intermediate 6, 
and that Intersystem Crossing from the singlet to the triplet state is also a key step in 
the mechanism of the cobalt-catalysed cyclotrimerization, we studied all the 
representative parameters of this intermediate (Dipolar Moment, Hardness and 
Average Polarizability Volume). We found that an inversion of the dipolar moment 
vector in the PSE surface of both singlet and triplet species of intermediate 6 occurs 
(Figure 3.12.). Considering previous results, the energy provided by microwave 
irradiation is in consonance with the energy gaps between the triplet levels (Figure 
3.11.) and, in consequence, can stabilise this state. On the other hand, as a polarizing 
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field microwaves would favour the inversion of the dipolar moment and would 
promote cobalt-catalysed [2+2+2] cyclotrimerizations.  

 
Figure 3.12. Dipolar moment vector in the ESP surface of both singlet and triplet species of intermediate 6. 

Remarks & conclusions on the cobalt catalysed cyclotrimerization 
 
In conclusion, we have been able to perform the computational analysis of this 
cyclotrimerization reaction through several of the most accepted pathways. As 
described, these pathways were explored at different spin configuration, and we look 
for some intercrossing points, for which it was necessary to employ Harvey method to 
localise the minimums. Furthermore, the outcome obtained in this study indicates 
that the effect of the microwave irradiation can be understood as a mix of both 
thermal and non-thermal effects. 
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3.2.2 ‘Molecular radiators’ in MAOS reactions. Computational studies on 
Ring Closing Metathesis (RCM) 
 

As an extension of our previous study, we focussed our attention on the 
computational study about the influence of ‘molecular radiators’ in the reaction 
medium, using the metathesis reaction as a model, in order to clarify how microwave 
irradiation influences in this reaction. 

 
Previous work 
 

As we have stated throughout this work, Microwave-Assisted Organic Synthesis 
(MAOS) has found broad applications as a very efficient way to accelerate the course 
of many organic reactions. Mainly, this activation occurs when the component of the 
reaction are polar. If this assumption is not met, polar additives or passive heating 
elements, called susceptors, can be employed. Susceptors4 are inert compounds that 
efficiently absorb microwave irradiation and transfer thermal energy to a medium that 
absorbs poorly, thus increasing the absorbance level of the medium. Solid catalysts, 
graphite (in solvent-free or heterogeneous conditions),5a silicon carbide5 and ionic 
liquids (used both in solution and under heterogeneous conditions) have been widely 
used as susceptor.6 

 
The use of susceptors is also related to the concept of selective heating. This concept 
has been proposed when a component in the reaction, e.g. solvent or catalyst, is very 
polar and can be heated selectively under microwave irradiation. This situation is not 
reproducible under conventional heating and leads to results that are hardly 
achievable under classical conditions. In relation to selective heating, the proposed 
‘molecular radiators’ should be taken into consideration. They are believed to form 
when a polar reactant is irradiated in a nonpolar medium. It has been suggested that 
‘molecular radiators’ can directly couple microwave energy and thus create 
microscopic hot spots at molecular level. However, this hypothesis is difficult to prove 
experimentally. 
 
The concept of ‘molecular radiators’ was first proposed by Lahred et al.68 and it is 
relatively new in microwave-assisted synthesis. These authors described the 
molybdenum-catalysed allylic alkylation of (E)-3-phenyl-2-propenyl acetate. The 
reaction occurs with complete conversion, high yield (87%) and excellent enantiomeric 
excess (98% ee) in only few minutes. It was postulated that the high temperature 
achieved (220 ºC) was not only a consequence of increased boiling points at elevated 
pressure but also because of a significant contribution from sustained overheating. 
 
Kappe et al. also described this new concept in two papers. These authors employed 
successfully microwave irradiation to perform rapid and racemization-free Mitsunobu 
inversions in cases where the conventional protocol failed.69 They also demonstrated 
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that the heating profile of the pure solvent differed significantly that from the reaction 
mixture. Since THF does not effectively couple with microwave irradiation, it was 
reasonable to assume that the substrate and reagents absorbed the bulk of the 
microwave energy. It is also possible that the ionic intermediates formed during the 
Mitsunobu reaction acted as ‘molecular radiators’. Similar studies have obtained 
comparable results in metathesis reactions, opening a debate concerning the influence 
of highly polar ionic species in microwave irradiation.11, 70 
 
Olefin metathesis was discovered in the early 1950s, but it has not been until recently 
that it has acquired some importance as an efficient method for the formation of 
carbon-carbon double bonds.71 Nowadays, this reaction is extensively used in organic 
synthesis. The applications include cross-metathesis (CM), ring-closing metathesis 
(RCM), ring-opening metathesis (ROM), ring-opening metathesis polymerization 
(ROMP), and acyclic diene metathesis polymerization (ADMET). Ring-closing 
metathesis deserves special attention because it is a powerful method for the synthesis 
under mild conditions of highly functionalised carbocycles and heterocycles with a 
wide range of sizes, with an increasing number of elegant syntheses from natural 
products based on RCM reactions.72 Although there are some computational studies 
on metathesis reactions, very few concern RCM.16,73 Computational studies have been 
carried out extensively on, for example, the strength of ligand binding and the mode 
of coordination (bottom or side bound). Complex systems of special synthetic interest 
are also described but studies on full systems of general interest and importance are 
rare.74 
 
As it turns, RCM reactions have been reported to improve under microwave 
irradiation; however, different arguments have been used to explain the improvement.  

 
Scheme 3.16. General scheme for RCM of diallyl derivatives. 

In this context, Kiddle et al.75 reported the RCM of diallyl derivatives using 
ruthenium-based catalysts (Scheme 3.16.), and observed a significant improvement 
under microwave irradiation vs conventional heating, under some specific 
experimental conditions. The reaction can be rapidly conducted in either ionic liquids 
(IL), such as 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]), or in a 
microwave-transparent solvent, such as dichloromethane. In both cases, the reaction 
was successfully improved under microwave irradiation, although the best results for 
the reaction were obtained on using the IL. The use of dichloromethane as solvent had 
little effect in reaction time, probably due to the fact that the temperature did not 
exceed 33 ºC. The authors suggested that microwave energy produced non-thermal 
effects that may involve direct coupling to one or both reactants in these 
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transformations. However, they could not ascertain which component was coupled 
with the microwave energy or if other factors related to the medium were influencing 
the microwave heating.  
 
On the other hand, careful comparisons performed by Kappe et al. indicated that the 
observed rate enhancements were not the result of a non-thermal microwave effect.76 
When N,N-diallyl-p-toluene sulphonamide is employed, they confirmed experimentally 
the selective heating of diene under microwave irradiation. This author found a 
dramatic change in the heating profile of a 0.05 M solution of the diene in 
dichloromethane in comparison to the pure solvent. In contrast, the absorption of the 
Grubbs catalyst, even at a concentration of 10 mol % (0.005 M solution), was 
negligible, as it was others solvents (DCM, absorbs weakly microwave irradiation, tan 
δ= 0.042). The heating profile for the reaction mixture was very close to the profile 
for the diene (Figure 3.13.). 

 
Figure 3.13. Heating profiles for (a) 0.05 M solutions of diene 12b, (b) 0.005 M solution of catalyst 13 (10 

mol %), and (c) neat DCM in a quartz vessel at 100 W constant microwave power. 

In order to mimic the rapid heating reaction profile achieved through microwave 
irradiation, Kappe et al. preheated the diene solution in DCM to 60 ºC in an oil bath 
before the solution of the catalyst was added by syringe through the Teflon septum. 
In these conditions, the reaction results were almost identical to those obtained by 
microwave heating. Therefore, they concluded that the comparatively rapid 
metathesis transformations could be rationalised by taking into account solely thermal 
effects (Arrhenius equation). 
 
Other authors postulate that microwave heating results in higher conversions in 
shorter reaction times either by overcoming catalyst decomposition or by increasing 
catalyst turnover in the metathesis reaction.77 

 
 
 
 
 

ionic liquids as recently described by Mayo et al.5 Using
the ionic liquid to dope the weakly absorbing solvent
DCM suffices to achieve very rapid conversions. In the
case of diene 1a, for example, we find that 15 s of
microwave irradiation afforded full conversion. For very
short reaction times under microwave conditions, it is
essential to look at the corresponding heating profiles to
rationalize the observed results. Figure 1 displays the
heating profile of neat DCM and a 0.04 M bmimPF6-
doped DCM solution under single-mode microwave ir-
radiation. It is worth noting that neat DCM is not
microwave transparent (tan δ ) 0.042)13 and will heat
up significantly in a single-mode microwave reactor as a
result of the high power density applied in a single-mode
cavity,4b although this heating effect is in part also due
to a heating of the borosilicate glass vessel, which is not
completely transparent to microwave irradiation either
(see below). Figure 1 demonstrates that the ionic liquid-
doped medium is absorbing microwave energy consider-
ably faster than the neat solvent. While the conversion
for a RCM run with substrate 1a (0.5 mol % catalyst 3)
in the ionic liquid-doped medium was >98% after 15 s of
irradiation, only 57% conversion was achieved in neat
DCM after the same time period. This is not surprising
since the reaction temperature during the full irradiation
event (0-15 s) is significantly lower for the neat solvent
(Figure 1).

Disappointingly, it was not possible to use the cationic
catalyst 4 in conjunction with an ionic liquid-doped
solvent. With both bmimPF6 and bmimBF4 (0.04 M in
DCM), conversions were below 30%, presumably due to
catalyst deactivation.12 All further studies on the exist-
ence of a nonthermal microwave effect in RCM reactions
were conducted with Grubbs type II catalyst and model
substrate 1a.

To truly investigate the influence of selective heating
of a polar reagent or catalyst on the rate of the RCM
reaction, it was necessary to exchange the standard
borosilicate glass reaction vessels for a custom-made

quartz vessels. As shown in Figure S1 in Supporting
Information, self-heating of the quartz vessel is minimal
as compared to that of the standard glass vial, as tested
by filling the vial with a microwave-transparent solvent
such as CCl4. For the weakly microwave-absorbing DCM,
the effect is not as pronounced as for CCl4, but still
significant (see Figure 2). Disappointingly, CCl4 was not
an effective solvent for metathesis chemistry. Performing
experiments under conditions identical to those described
above for the transformation 1a f 2a using catalyst 3
(100 °C, 2-5 min), switching from DCM to CCl4, led to a
dramatic reduction in efficiency. Even in the presence of
an ionic liquid (bmimPF6 or bmimBF4) the conversion
was not higher than 30% under all tested conditions.
Therefore, all further experiments aimed at the investi-
gation of nonthermal microwave effects were conducted
in DCM using a quartz microwave reaction vessel.

We next looked at the individual heating profiles of
both the catalyst 3 and the olefin 1a in DCM, and the
actual reaction mixture containing the catalyst and the
substrate in DCM using the microwave-transparent
quartz vessel. In our studies (Figure 2) performed at a
constant 100 W power, it became evident that the diene
1a showed a significant microwave absorption. Even at
the comparatively low concentration of 0.05 M, the
change in the heating profile compared to the pure
solvent was dramatic. In contrast, the absorption of the
Grubbs catalyst 3 even at 10 mol % concentration (0.005
M solution) was negligible. It has been argued that polar
molecules (here diene 1a) can act as so-called “molecular
radiators” creating microscopic hotspots upon microwave
irradiation in unpolar solvents.18 It has further been
argued that this selective heating/activation of the re-

FIGURE 1. Heating profiles for microwave-heated DCM
doped with 1-butyl-3-methylimidazolium hexafluorophosphate
(bmimPF6) (300 W power, 15 s total irradiation time). Experi-
ments were carried out in a 5 mL sealed glass vial containing
2 mL of DCM. Profile a: neat DCM. Profile b: 0.04 M
bmimPF6 in DCM. Temperatures were recorded on the outer
surface of the glass vial by an IR sensor. The cooling profiles
(compressed air cooling) are also shown.

FIGURE 2. Heating profiles for 0.05 M solutions of diene 1a
(a), 0.005 M solution of catalyst 3 (10 mol %) (b), and neat
DCM (c) in a quartz vessel at 100 W constant microwave
power. Temperatures were recorded on the outer surface of
the quartz vial by an IR sensor. The heating profile for the
reaction mixture 1a + 3 in DCM (not shown) is very close to
the profile for the diene (irrespective of the catalyst concentra-
tion).

9138 J. Org. Chem., Vol. 68, No. 23, 2003
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Computational study of the PES 
 
In order to clarify the reasons for the improvement in the RCM, our initial goal was 
to complete a computational study of the Potential Energy Surface (PES) of the RCM 
and to determine the polarity of all the species involved in the PES. A high polarity 
for any specie should be an indication of its probable behaviour as a molecular 
radiator. 
 
Cavallo et al. reported computational studies of these systems73a, 73b and they 
postulated that only the full-size DFT system is able to reproduce the experimental 
results, because simpler model systems disregard the steric interaction between the 
mesityl group and the olefin. For example, the dissociation energy for the PCy3 of the 
real system and the model one (PH3) differs by 8.9 Kcal mol–1. For this reason we 
computed the PES by taking into account the full system, without structural 
simplifications. The postulated mechanism for the ring-closing olefin metathesis 
involving the Grubbs-type ruthenium carbene complex is shown in Scheme 3.17. As 
can be seen, precatalytic steps are required in order to achieve coordination of the 
diene to the catalyst to give the first species in the catalytic cycle (16). These 
precatalytic steps may result in an induction period in the reaction kinetics.78 

 
Scheme 3.17. General mechanism of the RCM reaction of diallyl derivatives 

Kappe et al.,76 carried out the comparative study employed (N,N-diallyl-p-toluene 
sulphonamide (12b) as diene and demonstrated that this one could act as a 
“molecular radiator”. For this reason, we employed this one to carry out the 
computational study. In order to extend the study in this work we have selected 
another diene studied experimentally such as diallyl ether (12a).  
 
As in the previously studied organometallic reaction, we follow the span model and we 
would be looking for the so-called TOF-Determining Transition State (TDTS) and the 
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TOF-Determining Intermediate (TDI). Each of the states are represented in the 
schemes below. According to this principle we calculated the Gibbs energies for all the 
species that participate in a whole catalytic cycle. The structural features of all the 
species, the reaction profiles for both substrates, and the energy values are collected in 
Scheme 3.18. and 3.19. The energy values computed at PCM-B3LYP/6-
311+G(2d,p)//B3LYP/SDD are normalised at compound 16 in the catalytic cycle. 
The energy difference between both compounds 16 in the reaction profile corresponds 
to the reaction energy involved in each catalytic cycle, i.e., the difference between the 
energies of products and reactants. 

 
Scheme 3.18. Computed reaction pathway for the RCM of diallyl ether (12a) at the PCM-B3LYP/6-

311+G(2d,p)//B3LYP/SDD theory level. Gibbs free energies computed for all species 

 
Scheme 3.19. Computed reaction pathway for the RCM of N,N-diallyl-p-toluene sulphonamide (12b) at the 
PCM-B3LYP/6-311+G(2d,p)//B3LYP/SDD theory level. Gibbs free energies computed for all the species 
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Catalyst 13 possesses an ancillary N-heterocyclic carbene ligand that lies 
perpendicular to the Ru–Cl–Cl(benzylidene) plane. The reaction begins through 
several pre-catalytic steps, in which dissociation of the phosphine from the metal 
centre occurs to give a coordinated Ru carbene complex (14) (Scheme 3.18. & 3.19.). 
This mechanism is widely accepted in the literature.73f, 79 The 14 electron-propagating 
ruthenacyclobutane complexes 15 are formed by an endothermic reaction between 14 
and the corresponding diene. The activation energies of these steps are similar in both 
reaction pathways (25.2 vs. 24.5 Kcal mol–1). 
 
Complexes 15 release styrene through TS15 to form 16. The activation energy is 
higher when X = NTs than when X = O (8.7 vs. 2.5 Kcal mol–1). This fact can be 
explained in terms of steric hindrance to release styrene in the case where X = NTs. 
As depicted in Figure 3.14., when X = O the release of styrene is easier and the steric 
hindrance is minimal. 

 
Figure 3.14. Geometric features of TS15a and TS15b. 

In both 14e- alkylidene complexes (16) the orientation of the Ru=CH bond causes the 
hydrocarbon chain to project into free space, which brings the alkylidene proton into 
close contact with the N–C(aryl) carbon, as reported previously. This H–C contact 
lies between 2.41 and 2.44 Å and thus it might result in an attractive interaction. 
 
In both cases the TDI is the intermediate 14, but the TDTS is different. In the case 
of X = O, is TS14a and if X = NTs is TS15b. The energetic span for precatalytic 
steps in each case is 25.2 Kcal mol–1 (X = O) and 29.8 Kcal mol–1 (X = NTs). After 
this precatalytic step, the main catalytic cycle begins. Compounds 16 evolve to the 
intermediates 17, in a bottom-bound coordination (Figure 3.15.), which coincide with 
the results reported by Cavallo et al.73a, 73b  
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Figure 3.15. a) Geometrical features of intermediates 16. b) Schematic structures of bottom-bound (left) 

and side-bound coordination (right). 

Also, in compounds 17, the coordination of the ω-alkene brings the two π-bonds into 
alignment in readiness for metallacyclobutanation (Figure 3.15.). If X = NTs the 
stabilization of compound 17b is much higher than in case where X = O (17a) (3.7 
vs. –1.8 Kcal mol–1). As we mentioned, these results are in agreement with Cavallo’s 
conclusions,73a, 73b which demonstrated computationally that when a bulkier substrate, 
such as system 17, was considered, the increased steric pressure results in an increased 
preference for the bottom-bound versus the side-bound geometry (Figure 3.15.b). In 
these conclusions, they also established that the steric interaction between the mesityl 
group and the olefin is assumed to be one of the driving forces for the faster olefin 
metathesis by second-generation ruthenium carbene catalysts.  
 
The reaction continues towards the metallacyclobutanes 18 through TS17. In 
complexes 18, the cyclopentane ring adopts an envelope conformation to reduce these 
eclipsing interactions, but increases the angle strain (C–O–C = 105–106°). The 
adopted coordination means that the protons of the metallacyclobutane ring are 
eclipsed. The geometric features of TS17 and 18 are depicted in Figure 3.16. 
Although the metallacyclobutanes 18 have been viewed as the pivotal species on the 
RCM energy surface, in our case this step takes place easily. The activation energies 
are 2.3 or 2.9 Kcal mol–1 (Scheme 3.18. & 3.19.) depending on the nature of X. If X = 
NTs, this intermediate is in a potential minimum. This fact is in close agreement with 
the findings of a previous study,73a, 73b which highlighted that the stabilization of the 
metallacyclobutane intermediate is even more pronounced in carbene complexes with 
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NCH ligands. These ligands are strong σ donor ligands and only weak π acids. In our 
case, the electrostatic potential map of this species shows a more extended charge 
delocalization when X = NTs. As a result, intermediate 18b is more stable than 18a. 

 
Figure 3.16. Geometric features of TS17a and TS17b (left) and intermediates 18a and 18b (right). 

As described by Hillier,73g the transition structures for metallacyclobutane 
fragmentation (TS15 and TS18) are consistently the highest points on the energy 
surface and they are therefore of critical importance for an appreciation of the barriers 
that determine turnover rate. Unlike previous studies,73a, 73b we were unable to find 
transition structures for the release of cycloalkene from the methylidene complex. The 
geometric features of TS18 and 19 are shown in Figure 3.17. 

 
Figure 3.17. Geometric features of TS18a and TS18b (left) and complexes 19a and 19b (right). 
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Finally, the 14e- alkylidene complexes 20 release ethylene and, after coordination with 
a new ω-diene, the catalytic cycle is closed. It’s remarkable that compound 16 appear 
in the energy profile with different relative values of energy at the beginning and at 
the end of the catalytic cycle. This difference corresponds to the energy release during 
the overall reaction. 
 
From an energetic point of view, we can conclude that both reactions have low 
activation energies, as one would expect for a catalysed reaction. The energetic spans 
of both catalytic cycles are 11.8 Kcal mol–1 if X = O, and 11.0 Kcal mol–1 if X = NTs. 
These results are consistent with those obtained in previously reported studies. 
Although the turnover-determining step may be different for different catalysts, 
substrates and pathways, it was reported73g that the turnover-determining step is 
either the olefin insertion (for phosphine-containing catalysts) or the reverse reaction 
of ruthenacycle cleavage (for NHC-containing catalyst), as occurs in our case. 
 
Polarity analysis of the RCM reaction 
 
In order to study the presence of molecular radiator in the reaction medium, we 
compute the polarity of the all the species implicated in the process. The computed 
dipolar moments are collected in Table 3.1. These outcomes are in complete 
agreement with Kappe’s postulates.76 The polarity values indicate that diene 12b 
(dipole moment 7.2 D) is much more polar than diene 12a (dipole moment 1.7 D). 
However, this feature is not only shown by diene 12b but is associated with all the 
species that bear the tosyl group (Table 3.1.). In this regard, it could be postulated 
that these species might be acting as ‘molecular radiators’ as they can absorb 
microwave irradiation very efficiently. In contrast, the dipole moment of the Grubbs 
catalyst is 1.6 D and this value confirms its negligible absorption. 

Table 3.1. Dipole moments for all intermediates and TSs involved in both reaction pathways (μ, D) 
Compound 12 13 TS13 14 TS14 15 TS15 16 17 TS17 18 TS18 19 20 

μ 
(D) 

X=O 1.6 5.7 7.3 6.4 1.7 6.7 5.4 6.8 6.1 6.1 7.1 5.4 6.5 8.5 
X=N-

Ts 7.3 5.7 7.3 12.8 7.2 12.5 6.4 13.1 6.3 11.8 12.3 7.6 12.6 8.5 

In previously studies we determined that ionic liquids possess a dipolar moment about 
18 D.39 So, these polar species implicated in the metathesis reaction appear to act as 
ionic liquids and allow weakly absorbing solvents such as DCM to absorb microwave 
energy considerably faster than the neat solvent, thus leading to very rapid 
conversions. This situation should be considered as a thermal effect. It should be 
noted that in order to mimic the rapid heating reaction profile achieved through 
microwave irradiation, Kappe and col. preheated the diene solution in DCM to 60 ºC 
in an oil bath before a solution of the metathesis catalyst was added by syringe 
through the Teflon septum. 
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Finally, we focused our attention on the analysis of the electrostatic potential surface 
(EPS) and the molecular dipole moment vectors of all these species. The different 
polarities for the two RCM pathways are in agreement with the electronic nature of O 
vs. NTs. As can be seen in the EPS, when X = O the electronic density is higher 
around the two chloride atoms and the oxygen of the diene. However, when X = NTs, 
the highest electronic density is located on the oxygen atoms of the tosyl group. It is 
worth noting the significant decrease in the electronic density on the chlorine atoms 
and on the mesityl group in the latter case (Figure 3.18.). This situation is in 
agreement with the higher electron-withdrawing character of the N-tosyl group vs. the 
oxygen atom. 
 
It is remarkable that, with reference to the EPS when X = NTs, the molecular dipole 
vector modifies its direction more than in the case where X = O (Figure 3.18.). As 
previously stated, in the case where X = O, the chlorine atoms possess higher electron 
density. This part of the structure remains mostly intact during the course of the 
reaction. Therefore, the variation of the dipole moment vector is less important. In 
contrast, in the case where X = NTs, the electronic density is mostly located around 
the tosyl group. This part of the molecule experiences a higher mobility along the 
reaction path.  
 
We previously observed a similar variation in a cyclotrimerization reaction.42 In this 
context, the relationship between the mobility of the dipoles and the ability to orient 
them according to the direction of the electric field is currently under investigation by 
our group. 

 
Figure 3.18. Variation of molecular dipole vector for all the intermediates and TS computed for both 

pathways. Arrows indicate the direction of dipolar moment. As an example the EPS of intermediates 17a, 
17b, TS17a and TS17b are shown. 
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Remarks & conclusions on the RCM reaction 
 
Despite the fact that the catalytic cycles have low activation energies, the energy gaps 
corresponding to the induction periods are high (25.2 and 29.8 Kcal mol–1). This fact 
is due to the high stability of the 14e- complex 14 and the barriers of formation and 
break of cyclobutanes. Thus, microwave thermal effects do indeed affect the induction 
period of the catalytic kinetics, since the energy gap in the pre-catalytic steps amounts 
to ca. 30 Kcal mol–1. This will result in a shorter induction period and therefore an 
enhancement in the conversion rate of the reactants. Once again, the computational 
results demonstrate that processes with activation energies between 20-30 Kcal mol-1 
are enhanced under microwave irradiation. 
 
Furthermore, the presence of polar species, be it a susceptor, solvent, catalyst, a 
reagent or substrate, may increase the polarity of the medium and may lead to rate 
enhancements through thermal microwave effects independently of the activation 
energy. This situation occurred when N,N-diallyl-p-toluenesulfonamide was employed 
as the diene. In this case a significant modification of the dipole moment vector 
occurs. 
 
As far as the proposed ‘molecular radiators’ are concerned, we agree with Kappe that 
far from being a non-thermal effect or a selective absorption that creates microscopic 
‘hot spots’, this represents an example of the modification of the polarity of the 
reaction that improves the absorption of microwave radiation and may improve the 
reaction through a thermal effect. In this sense we have demonstrated how this kind 
of microwave effect can be evidenced by a computational treatment of the catalytic 
reaction pathway, showing the complementarity of experimental and theoretical 
studies. 
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3.2.3 The Pauson-Khand reaction in MAOS. A computational analysis 
 

The third organometallic reaction selected in our attempt to clarify the influence of 
microwave irradiation is the Pauson-Khand reaction. We completed the 
computational study using as guidelines the mechanism suggested independently by 
Magnus80 and Schore81 in 1985. 

 
Previous work 
 

The Pauson-Khand reaction (PKR) is a formal [2+2+1] cycloaddition between and 
alkene, an alkyne and a carbonyl to obtained cyclopentenone substrates (Scheme 
3.20.). This reaction was first discovered in 1971 in its stoichiometric form after an 
unsought reaction of an alkyne and norbornadiene in the presence of dicobalt 
complex.82 The utility of this reaction focused on the formation of a cyclopentenone 
moiety in the case of the intermolecular PKR, while in the case of the intramolecular 
PKR, a bicyclic pentenone derivative is made from a non-cyclic substrate. The 
reaction has been studied afterwards and found that it could also work under catalytic 
condition,83 although the conditions required involve very high temperature and CO 
pressure. Firstly it was thought that the reaction was only catalysed by cobalt, in 
recent years others metals (titanium,84 iron,85 rhodium,86 ruthenium,87 palladium,88 
among others) has also shown to be able to mediate the reaction. 

 
Scheme 3.20. Formal [2+2+1] intermolecular cycloaddition called the Pauson Khand reaction (PKR). 

The synthetic application of this reaction is important, since it enables to make 
complex molecules from cheap starting materials in a single step, which has been 
exploited in the synthesis of complex natural products and analoges.89 However, the 
PKR suffers for being a very difficult reaction to treat, with sluggish reactions when it 
is heated for long periods of time (mostly due to the decomposition of the catalyst), 
the results also depend on the choice of the alkene and the alkyne and the purification 
protocols can be troublesome. Among the modifications90 of the standard conditions 
are the microwave irradiation91 and the photochemical induced reactions (in batch 
and on flow conditions).92 
 
There are not many examples of PKR reaction in combination with microwave 
irradiation, in comparison to the numbers of others organometallic reactions, although 
over the years, this combination has been explored.91, 93 We believe, this is due to its 
limitation, being mostly usable to a narrow range of reactive alkenes, which usually 
show a strained backbone. 
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Co2(CO)6
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The first example of PKR under microwave irradiation was reported by Evans et 
al.91a, where they found that microwave irradiation help to reduce the long reaction 
periods of the standard PKR reaction, which normally lead to catalyst decomposition 
over the high temperature. Their initial results were confirmed by Groth et al.91b 
which found that the cobalt catalyst was significantly affected by the microwave 
irradiation when the reaction was performed under a completely microwave 
transparent solvent. They also observed that under microwave irradiation, there was 
no need for high CO pressures. In both cases, the optimal solvent was toluene. 
Moreover, in Evans et al.’s contribution (Scheme 3.21.), microwave irradiation was 
found to enhance the exo:endo diastereoselectivity obtained for the reaction of the 
acetylene-dicobalthexacarbonyl complex with norbornadiene under microwave 
irradiation either in toluene (Table 3.2. entry 1) or dichloroethane (Table 3.2. entry 
2), compared with conventional conditions (Table 3.2. entry 3).  

 
Table 3.2. & Scheme 3.21. PKR of an alkyne and norbornadiene, with both stereo products. 

Entry 
Heating 
mode 

Solvent 
Temperature 

(ºC) 
Time 
(min) 

Rdto 
(%) 

exo:endo 

1 MW Toluene 90 5 72 9:1 
2 MW DCE 90 20 90 95:5 
3 CH Toluene 110 960 70 8:2 

 
PKR Mechanism rationalization 

 
In fact the mechanism for the PKR was for a long time unknown, mostly because the 
detection of intermediates proved to be difficult. The first and most accepted 
mechanism for the PKR was the proposed by Magnus and Schore from 1985. This 
proposal of mechanism (Scheme 3.22., black path) has later served as a working 
hypothesis in experimental and computational studies.94 

C CCo2(CO)6 HH+

O O

+

exo endo

MW, toluene
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Scheme 3.22. Possible mechanisms of the Pauson-Khand reaction 

Initially, at the time of the mechanistic proposal, only the hexacarbonyldicobalt(μ2-
alkyne) complex (I in scheme 3.22.) was isolated experimentally.95 With time, 
intermediate II, was characterised by NMR spectroscopy for complexes with a 
substituent on the alkyne moiety that is coordinating to the vacant site of the cobalt 
atom.96 More recently, intermediate III has also been identified by a X-ray 
structure.97 For further evidence on the rest of the intermediates, it was possible with 
the interruption of the PKR under an atmosphere of O2, which lead to indirect 
evidence for the metallacycle intermediate IV.98 
 
All these observations provided support for the Magnus-Schore proposal. However, 
important mechanistic information such as the energetics and the rate- and stereo- 
determining steps were still missing. The computational studies by Nakamura94a and 
Pericàs99 showed that the Magnus-Schore proposal produced a low-barrier process. 
However, a very recent contribution by Gimbert et al.100 employed 13CO strongly 
suggest that the incorporation of the additional CO in a complex type IV, doesn’t 
proceed through a bimolecular process. Mass-spectrometry CAR/CAR experiments 
and theoretical calculations have validated alternatives in which the CO incorporated 
in the final cyclopentenone involves one that has been retained throughout in the 
complex (Scheme 3.22., red path).  
 
Computational study of the PES 
 
Based on the study by Nakamura et al.,94a where they carried out the computational 
study of the Magnus-Schore mechanism for the PKR of ethylene and acetylenes, we 
have extended this work to see if we would be able to determine the reasons for the 
improvement in the PKR under microwave irradiation, with either of the mechanisms 
that we discussed previously. For such purposes, we have calculated the PES for the 
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reaction of acetylene and norbornadiene (experimental reactants employed by Evans 
and Groth). As in previous studies, and according to the principle that of Shaik et 
al.,43 we would discuss the relative Gibbs energies for all the species that participate 
in a whole catalytic cycle.  
 
As it is know experimentally,95 the first step in the PKR is the reaction of acetylene 
with the cobalt complex, Co2(CO)6, to obtain the cobalt complex 21, which losses a 
molecule of gaseous CO in an endothermic process (10.86 Kcal mol-1 since good σ 
donor and π acceptor) to allow the coordination of norbornadiene (poor π acceptor), 
resulting in the thermodynamically unfavoured cobalt complex 23 (22.0-26.6 Kcal 
mol-1 depending on the regioisomer) (Scheme 3.23.). 

  
Scheme 3.23. Formation of compound 23 through the insertion of norbornadiene in the cobalt complex 21. 

During the development of this work, we come to understand that the nature of 
species 23 is the one responsible towards the selectivity for the exo pathway, for it 
seems to have some better approach of the diene and the norbornadiene (Figure 
3.19.). 

 
Figure 3.19. Structure representation of product 23, in both endo (left) and exo (right) stereoisomers. 

The coordinate species 23 exo are 4 Kcal mol-1 more stable than the 23 endo. This 
species then transforms into complex 24 through the first carbon-carbon process via 
the TS23 (infra 33.8 vs supra 33.0 Kcal mol-1). This step requires a high intake of 
energy, which lays in the order of energies that explains the experimentally 
improvement of this reaction under microwave conditions. Afterwards, the 
coordinated unsaturated species transforms into 25 after an exothermic intake of CO. 
In Scheme 3.24., we have represented the energetic profile for this process, which 
allows us to refine that although there is no significant difference in this first TS for 
the C-C formation, it seems that the endo path is slightly favoured 
thermodynamically.  

3(CO)Co Co

R1 R2

COCO

23

3(CO)Co Co(CO)n

R1 R2
21 (n=3)
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C CCo2(CO)6 HH+
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Scheme 3.24. Computed reaction profile for the common pathway. Gibbs free energies computed for all the 

species are shown. 

In the figure below, we represent the highest point of energy in the Scheme 3.24., 
TS23 endo and exo approach (Figure 3.20.). 

 
Figure 3.20. Structure representation of product TS23, in both exo (left) and endo (right) stereoisomers. 

After this point, we can observe different mechanisms for the insertion process of CO. 
If we follow the conventional mechanism from Magnus-Schore, as it was observed 
from Nakamura et al.,94a the following process would be the migratory insertion of CO 
(path A, scheme 3.25.), which was assumed to be unique, but Nakamura et al. 
suggested an alternative path (path B, scheme 3.26.), which we have also studied.  
 

Magnus-Schore’s mechanism 
 

Path A 
 
As such, the migratory insertion of CO can occur via path A, which takes the reaction 
through TS25a (endo/exo) with a preferential insertion of CO on the endo 
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approximation with an activation barrier of 21.3 Kcal mol-1 versus an activation 
barrier of 27.2 Kcal mol-1 for the exo approach. At this point the reaction continues 
towards the subsequent CO coordination (26a & 27a exo/endo) followed by reductive 
elimination via TS27a (endo/exo) to obtain the product 28 exo/endo. In this 
reductive elimination, the activation energy for TS27a suggests that the endo 
approach is favoured to the formation of the cycloadducts. However experimentally, 
the mayor isomer is the exo cycloadduct, which lead us to believe that this mechanism 
is not taking place. 

 
Scheme 3.25. Computed reaction profile for path a. Gibbs free energies computed for all the species are 

shown. 

In the search for an explanation for the possible enhancement of the PKR under 
microwave irradiation, we also computed the dipolar moments of all the species 
involved. However, unlike in previous discussion, we noticed that the polarity of the 
species (3-5 D) did no rise very different to that expected from organometallic 
compounds. That is why we also disregards as polarity as the reason to the 
improvement of this reaction; or at least for this mechanism. 

 
Path B 

 
As we mentioned, the migratory insertion of CO can also occur via path b (scheme 
3.26.). This path B differs from path A in the different regiochemistry of the CO 
insertion. This mechanism also suggests that the insertion of CO would be favoured 
on the endo approximation with activation barriers very similar to the previous path, 
21.1 Kcal mol-1 endo approach versus 23.5 Kcal mol-1 exo approach. After the CO 
coordination, as in previous mechanism, we obtained the cobalt complex 26b and 27b 
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exo/endo, which follows a reductive elimination via TS27b (endo/exo) to obtained 
the product 28 exo/endo.  
An analysis of this reductive elimination process suggest that again the endo approach 
is favoured to the formation of the cycloadduct, if however, the activation energy for 
this mechanism is much higher that for previous cases. In addition, the polarities of 
the species do not differ much for the calculated for path a, which lead to the same 
conclusion. 

 
Scheme 3.26. Computed reaction profile for path b. Gibbs free energies computed for all the species are 

shown. 

In conclusion, it seems that neither path a or b for the Magnus-Schore’s mechanism is 
able to render an effective picture to explain the obtention of the exo product in such 
high diastereoselective result (up to 95:5), therefore it seems that the endo approach it 
is thermodynamically favoured. Luckily, recently in the literature, there were others 
mechanisms which, making use of new experimental data, could explain this 
behaviour. 

Gimbert et al. mechanism100 
 
As we mentioned, Gimbert et al. proposed a mechanism that study via 13C mass 
spectrometry ion-molecule experiments the apparently unquestioned return of CO 
from cycloadducts 24 and 25 to produce the insertion. In this study, they look at the 
possibility that the origin of the inserted CO could provide from a transfer or bridging 
in the cobalt complex (Scheme 3.27.). As we have just mentioned, the beginning of 
this mechanism starts in product 24, which rather than producing the coordination of 
another CO molecule from the medium, it uses an intramolecular exchange of CO 
between the cobalt centre (Figure 3.21.).  
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Figure 3.21. Structure representation of product TS24, in both exo (left) and endo (right) stereoisomers. 

This product proceeds towards the insertion of the CO, which we then found to be 
much more plausible, in terms of energy through the exo approach (Scheme 3.27.). 
The energetic view of the mechanism has changed; although the TDI state continues 
to be the intermediate 23, there is a change in the TDTS, where before it was TS23, 
while in Gimbert et al.’s mechanism is the TS24’. As in the above mechanisms, the 
CO insertion preferably takes place between the cobalt and the carbon of the 
norbornadiene (it would follow a path A) rather that the insertion between the cobalt 
and the carbon of the alkyne (path B). Therefore, this mechanism is in agreement 
with the observed experimental stereoselectivity. In this case, the exo stereoisomer is 
favourable vs the endo. On the other hand, the high activation energy of this reaction 
(34.5 Kcal mol-1) also explains the observed improvement under microwave 
irradiation. 

 
Scheme 3.27. Computed reaction profile for path c. Gibbs free energies computed for all the species are 

shown. 

Remarks & conclusions 
 
In conclusion, it can be established again that we are facing a process with high 
activation energy (34.5 Kcal mol-1). Therefore, it can be significantly improved with 
microwave irradiation.  
 

-5

0

5

10

15

20

25

30

35

40

45

-10

E (Kcal mol-1)

TS24' exo
34.5

TS24' endo
40.0

25' endo
9.5

25' exo
10.0

2(CO)Co Co(CO)3

H H

2(CO)Co Co

R1 R2

O
C COCO

TS25' A exo
29.5

TS25' A endo
26.1

TS25' B endo
28.0

TS25' B exo
27.8

B

A

26' A exo
11.2

26' A endo
11.0

2(CO)Co Co(CO)2

R1 R2

O2(CO)Co Co(CO)2

R1 R2

O

BA

26' B exo
27.2

26' B endo
21.7

2(CO)Co Co

R1 R2

OC COO

2(CO)Co Co

R1 R2

CO
CO

O

24' endo
(n=2)
19.6

21 (n=3)
0.0

TS23' exo
33.0

22 (n=2)
10.9

23 exo
22.0

TS23' endo
33.8 24' exo

(n=2)
27.5

CO

ΔECo(CO)n

R1 R2

3(CO)Co Co

R1 R2

OC CO

3(CO)Co Co(CO)n

H H

23 endo
26.6

n(OC)Co

TDTS

TDI



Part III 

 182 

We believe this work is the first one to consider this mechanism into the explanation 
of the diastereoselectivity of the original reaction, and also reporting on the key 
intermediate responsible on the performance of this reaction under microwave 
irradiation. 
 
Nevertheless, although for this work we have studied the influence of microwave on 
both mechanisms, we acknowledge that the currently accepted mechanism for this 
important transformation would thus seem to require revision, although the outcome 
obtained supports the inclusion of the Gimbert mechanism. 
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3.2.4 Influence of Polarity and Activation Energy in MAOS 
 
As we have previously seen, the description of our different contributions has helped 
us to determine the influence of the activation energy and the polarity for some 
reactions, and it has enabled us to deepen our knowledge on MAOS reactions in order 
to develop a general model that would allow to predict with simple calculations if a 
reaction could be improved under microwave irradiation.  
 
In general, some specific microwave effects have been explained by using the 
Arrhenius law101 and considering modifications in each of term in the equation: 

                                  
a) Increase in the pre-exponential factor, A, that represents the probability of 

molecular impacts. The collision efficiency depends on the vibrational 
frequency of the atoms at the reaction interface, and therefore the collision 
efficiency can be effectively influenced by mutual orientation of polar 
molecules involved in the reaction. So, it could be postulated that the MW 
field might affect this parameter.102 

b) Occurrence of localised high temperatures. At the microscopy level MW 
irradiation could originate hot spots generated by dielectric relaxation on a 
molecular scale.103 At the macroscopic level they can be formed in strong 
MW-absorbing species present in the reaction medium.104 

c) Decrease in the activation energy is certainly the main effect described. When 
considering the contribution of Enthalpy and Entropy to ΔG≠ (ΔG≠= ΔH ≠-
TΔS≠), it may be predicted that the magnitude of the -TΔS≠ term would 
increase in a MW-induced reaction. Under microwave irradiation, dipoles 
would be more organised in comparison with classical heating as a 
consequence of dipolar polarization.105 

 
On the other hand, the polarities of all components have an important implication in 
the reaction medium and play such an important role in the heating rate with 
microwave. The inner workings on any microwave oven to heat efficiently any polar 
molecule is based on the vibration and alignment (with the electromagnetic field) of 
the molecules when they are exposed under microwave irradiation. 
 
The polarity can be correlated with the dielectric constant, ε’, which determine the 
ability of any material to store electromagnetic energy through polarisation. This 
parameter is also related with the dielectric loss factor (ε’’),106 that represents the 
ability to convert the stored energy into heat. The ratio ε’/ε’’, known as the loss 
tangent (tan δ), can be used to assess the general ability of a material to be heated in 

K = A · e�
Ea
RT (9) 
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a microwave field. Materials with a low tan δ are considered essentially transparent to 
microwaves, at the frequency used, and do not undergo significant heating, whereas 
materials with a high tan δ, are heated very efficiently.  
 
Although tan δ is a helpful parameter for comparison purposes, it is not very useful 
during the development of a chemical transformation. In order to determine tan δ in a 
reaction, and consequently to calculate the heating rate reliably, more complex 
expressions have to be taken into account such as the complexity of the electric field 
pattern and the heat capacity of the compound and its density. Moreover, tan 
δ depends strongly on the temperature and will vary along the course of the reaction. 
 
Since the ability of highly polar substrates to absorb microwave energy is completely 
accepted, these substrates have been exploited to heat reactions under microwave 
irradiation when carried out in poorly absorbing solvents, such as ionic liquids107 or 
ionic additives as tetrabutylammonium bromide, highly microwave-absorbing silicon 
carbide plugs or graphite.108 
 
Furthermore, several reports suggest that the electric component of microwaves leads 
to orientation effects of dipolar molecules or intermediates and hence changes the pre-
exponential factor (A) or the activation energy terms in the Arrhenius equation. This 
effect is particularly important in solvent free conditions or in a non-polar medium.109  

 

Additionally, if a polar reaction mechanism occurs, where the relative polarity of the 
reaction is enhanced from the ground state to the transition state, it is claimed that 
acceleration due to an increase in microwave absorbance of the intermediate could 
occur. This effect is particularly important in product-like transition states according 
to the Hammond’s postulate.109 
 
As we have shown in the text before, our research group has a large experience in 
MAOS, In this sense, during these last few years, in our research group we have used 
the tools that Computational Chemistry offers to unravel the different aspects and/or 
parameters that can influence in Microwave Chemistry. The main conclusion 
derivative of these studies can be summarised in the following table: 

Table 3.3. Preliminary conclusions about the influence of Ea in MAOS.39 

Reaction Ea ΔH Results 
Type I 

< 20 Kcal mol-1 
< 0 Not improved 

Type II >0 Improved 
Type III 20-30 Kcal mol-1 <0 Improved 
Type IV >0 Improved 
Type V 

> 30 Kcal mol-1 
<0 
>0 

Improved with susceptors 
Type VI Do not occur 
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Therefore, we have classified chemical reactions in six types considering the activation 
energy and enthalpy. 
 

- Reactions with activation energies below 20 Kcal mol-1 occur easily by 
conventional heating and improvements are not expected under 
microwaves (reaction type I). Microwave irradiation may have a beneficial 
effect if these processes are endothermic (reaction type II). 

- Reactions with activation energies from 20 to 30 Kcal mol-1 can be 
improved under microwave irradiation without the use of harsh reaction 
conditions (e.g., high pressure, pyrolysis) (reaction type III and IV). 

- Endothermic reactions with activation energies above 30 Kcal mol-1 cannot 
be performed either under conventional heating or microwave irradiation 
(reaction type VI). However, the use of microwave susceptors such as ionic 
liquids or highly polar solvents (microwave flash heating) can improve 
these processes (reaction type V). 

 
But what is the reason behind the improvement of microwave irradiation of reaction 
with high activation energy? Is there any relation between the activation energy and 
the polarity? With this goal in mind, in this section, we have performed 
computational calculations of a wide variety of previously described reactions, which 
represented different kind of reactions, cycloadditions, organometallic and substitution 
reactions that can be classified in type I-VI reactions. These reactions possess 
different characteristics, polarity, activation free energy, enthalpy and presence of 
polar components as susceptor, polar solvents, etc.… So we intend to refine our 
preliminary model as to provide a method to determine with simple calculations when 
a reaction can be improved under microwave irradiation.  
 
It collects the comparison between the described results under conventional heating 
and microwave irradiation, and the principal studied parameters, polarity of the 
initial state and variation in the transition state, and activation energy and enthalpy.  
 
Type I reactions (Ea<20 Kcal mol-1, ΔH<0) 
 
Type I are exothermic reactions with low activation energies. Loupy et al.110 
performed the cycloaddition reaction of azidomethylphosphonate and functionalised 
enamines in solvent-free conditions and under microwave irradiation (Scheme 3.28.). 
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 μ (D)         1.63 (29)                   6.99 (30b) 

Scheme 3.28. Cycloaddition reaction of azidomethylphosphonate and functionalised enamines. 

Experimentally, triazole 33 was obtained in good yields (70-86%) under classical 
heating in solvent-free conditions at 100ºC but requires very long reaction times (6 h). 
In these conditions reaction is 100% regioselective. For shorter times (20 min) there 
was no reaction under classical heating, whereas it occurred in 55 % yield under 
microwave irradiation in comparable conditions but with lower regioselectivity (33:34 
ratio, 85:15) (Table 3.4.). 

Table 3.4. Collected information for the chosen type I reaction, computed at B3LYP/6-31G(d).  

TYPE I 
Ea<20 Kcal mol-1 

ΔH<0 

 
Solvent Polarity 

(Debye) 
Δμ*  

(Debye’s) 
Ea 

(Kcal/mol) 
ΔH 

(Kcal/mol) 
Conditions 

CC          MW Results 

Solvent 
free 

6.9 
(Reactant) 1.1 to 4.6 13.6 to  

30.6 
-16.5 to  
-22.0 

90ºC 
60 h 

(86%) 
(33:34 
/ 100:0) 

90ºC 
5-20 min. 

(55%)  
(33:34 / 
85:15) 

Modification 
of the 

selectivity 
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In order to understand the influence of microwave irradiation on the selectivity we 
performed computational calculations at B3LYP/6-31G(d) level.35 These calculations 
showed that cycloadduct 33 is the kinetic regioisomer; the activation energy for this 
isomer lies between 13.6 and 18.2 Kcal mol-1 (Scheme 3.28., blue path). In contrast, 
activation energy for cycloadducts 34 is higher (21.6-30.1 Kcal mol-1), although this 
regioisomer is thermodynamically more stable (Scheme 3.28., red path). 
 
We determined the polarity of the reagents and its variation along the reaction 
coordinate in an attempt to determine the influence of this parameter. The outcomes 
indicate a moderate polarity of the reactives 30a-b (4.7-7.0 D) and a slight variation 
in the transition structures (1.1-4.5 D). Taking in account that the reaction is 
performed in solvent-free conditions, the interaction of microwaves with the polar 
reactants should be optimal. This produces a rapid heating and consequently a 
reduction of the selectivity through a clear thermal effect.  
 
In this regard, these species could act similarly as the “molecular radiators” species 
studied before. As we shown previously, “molecular radiators” are suggested to be able 
to couple directly with microwaves in a non polar media, creating microscopic hot 
spots that improve the absorption of microwave radiation, though that improvement 
may be seem merely as a thermal effect.41,68-69 

 
However, relating these findings with the dielectric properties of the reaction mixtures 
mentioned before, we have to understand that these are properties that cannot be 
modelled by an interaction between single dipole and electric field. The presence of a 
polar reagent may increase the polarity of the medium and hence the absorption of 
microwave irradiation. In consequence, rather than a selective heating by one 
component (“molecular radiator”) the enhancement produced in this reaction is a 
consequence of the enhancement of the dielectric properties of the reaction mixture, 
again a clear thermal effect. 
 
So in this case, modification in the regioselectivity under microwave irradiation can be 
explained through a thermal effect due to overheating. The high activation energy 
that required cycloadduct 34 (21.61-30.10 Kcal mol-1), can be easily achieved by the 
efficient heating under microwaves and not under classical heating. In conclusion, 
formation of isomer 33 (type I reaction) is not improved but formation of isomer 34 
(type III reaction) is favoured under microwaves. 
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Type II reactions (Ea<20 Kcal mol-1, ΔH>0) 
 
For this type of processes, we will include endothermic reactions with low activation 
energies. The chemical transformation used to test our model is the 1,3-dipolar 
reactions between aromatic isocyanides and nitriles.  

Table 3.5. Collected information for the chosen type II reaction, computed at B3LYP/6-31G(d). 

TYPE II 
Ea<20 Kcal mol-1 

ΔH>0 
 

Solvent Polarity 
(D) Δμ  Ea (Kcal/mol) ΔH (Kcal/mol) Conditions 

CC     MW Results 

Solvent free 
Al2O3/Fe3O4 

4.5 
(React.) 2.1 14.8 14.5 

135ºC 
8 min 
(48%) 

135ºC 
8 min 
(68%) 

Acceleration 
rate= 1.7 

When this reaction is performed in a microwave domestic oven,26d under solvent-free 
conditions and using an alumina-magnetite bath (Al2O3:Fe3O4) (5:1), a moderate 
increase of the yield was observed compared with classical heating (68% vs 48%, 
Table 3.5.). Computational calculations predicted a concerted mechanism that takes 
place through a synchronous transition structure. In this case, the calculated polarity 
of reactants is 4.5 D and a slight increase of the polarity (2.1 D) takes place from the 
ground to the transition state (Figure 3.22.).31 It’s noteworthy, although the 
activation energy is low (14.8 Kcal mol-1), it is an endothermic process (ΔH = 14.5 
Kcal mol-1).  

  

    
 μ (D)       0.12                       4.43 

Figure 3.22. Reaction between 4-nitrobenzonitrile 35 and 2,4,6-trimethylbenzonitrile oxide 36. 

So, the experimental conditions for this reaction present two main problems: first, the 
microwave radiation is absorbed by the polar alumina magnetite bath, in consequence 
the reaction was heated rapidly, however the mechanisms involved are mainly 
convection and conduction from the surface of the sample and the efficient stirring of 
the reaction mixture is not assured, which could account for temperature gradients in 
the reaction mixture. 

C N + C N O N
N O
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In order to avoid this problem, the reaction was performed again in a monomode oven 
without the mineral bath and using a non-polar solvent, toluene, in an attempt to 
increase the homogeneity of the medium and to assure absorption of microwave 
irradiation by the reagents. In this case the acceleration rate is 1.7 higher under 
microwave irradiation.68 Similarly, the presence of a moderate polar reactant allows 
an efficient absorption of microwave energy produces acceleration through a clear 
thermal effect. On the basis of these experimental and computational results, it could 
be established that type II reactions can be improved slightly under microwave 
irradiation. 
 
Type III reactions (Ea=20-30 Kcal mol-1, ΔH<0) 
 
These series of reactions, Type III reactions, are exothermic with moderately high 
activation energies (20-30 Kcal mol-1).  

Table 3.6. Collected information for the chosen type III reaction, computed at B3LYP/6-31G(d). 

TYPE III 
Ea =20-30 Kcal mol-1 

ΔH<0 
 

Solvent Polarity  
(D) Δμ  Ea (Kcal/mol) ΔH (Kcal/mol) Conditions 

CC     MW Results 

DCE/IL 18.2 
(I.L.) 0.3-1.4 25.7-39.7 -7.5 to -8.9 

132ºC 
1-2 d 
(54%) 

170º 
10 min 

(67-77%) 
Acceleration 

The first reaction is the intramolecular hetero Diels-Alder cycloaddition of alkenyl-
tethered 2(1H)-pyrazinones. This one was studied in our research group and 
constituted a part of my Master. Experimentally, the reaction mixture was irradiated 
in a single-mode microwave cavity using a preselected maximum temperature of 
190ºC (300 W maximum power) in a sealed vessel, in dichloroethane (DCE) as the 
solvent and 0.035 mmol of 1-butyl-3-methylimidazolium hexafluorophosphate 
([bmim][PF6], as an ionic liquid LI). The reaction took place within 10 min with good 
yields (67-77 %), which represents a considerable shortening of the reaction time as 
compared to the 1-2 days required under conventional chlorobenzene reflux conditions 
(131ºC).37,111 
 
For the computational study, we explored the potential surface of this reaction at 
B3LYP(PCM)/6-31G(d)+ΔZPVE level using DCE as solvent39 The outcomes 
indicated that the process has high activation energies (25.7-28.3 Kcal mol-1 when 
n=2, (type III reaction), and 37.2-39.7 Kcal mol-1 when n=3, (type V reaction); low 
Gibbs energies and is moderately exothermic. The polarity of the reactants is 
moderate (μ=5.1-5.2 D) and only increases slightly from the ground to the transition 
state. With these characteristics, this reaction must not occur under microwave 
irradiation or must be improved slightly. Moreover, the addition of small amounts of 
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a strongly microwave absorbing IL ([bmim][PF6], 18.2 D) as a “doping agent”, changes 
the dielectric properties of the reaction mixture (Figure 3.23.). Ionic liquids interact 
very efficiently with microwave through the ionic conduction mechanism, so the rapid 
heating (within less than one minute) up to 190ºC became possible, which is a heating 
rate that cannot be achieved under conventional methods. The higher temperature 
allows a most effective ionic movement thus providing a more effective heating profile 
via the ionic mechanism, which leads to more energy dissipated. 

  
μ (D) = 18.2 

Figure 3.23. Optimised structure of [bmim][PF6] at B3LYP/6-31G(d) level of theory. 

The second example consists of a nucleophilic aromatic substitution of fluorine atom 
by a piperidine ring in a deactivated benzene scaffold.35  

Table 3.7. Collected information for another of the type III reaction, computed at B3LYP/6-31G(d). 
Type III 

Ea =20-30 Kcal mol-1 
ΔH<0  

Solvent Polarity  
(D) Δμ  Ea 

(Kcal/mol) 
ΔH 

(Kcal/mol) 
Conditions 
CC     MW Results 

DMSO 

4 (React.) 
5.1 (DMSO) 
X=F, Cl, Br 
up to 17.3 D 

13.1 
(X=F) 
10.3 

(X=Cl) 
11.6 

(X=Br) 

16.7 (F) 
20.8 (Cl) 
18.2 (Br) 

-10.7 (F) 
-23.5 (Cl) 
-24.1 (Br) 

190ºC 
2 min 

190ºC 
2 min. 

Acceleration 
rate=4.2 

This transformation was carried out in polar solvents, such as dimethyl sulfoxide 
(DMSO), under both classical and microwave heating. According to the kinetic data 
obtained theoretically (k) and the experimental reaction constant (k*) obtained under 
microwave irradiation, the k*/k ratio for the reaction between 4-fluoronitrobenzene 
and piperidine at 190ºC is found to be 3.2. This reaction follows a stepwise 
mechanism and the rate-limiting step being the formation of polar intermediate 
(μ=17.3 D) (Scheme 3.29. Back line). Contrary, when the reaction is performed using 
4-cloro or 4-bromonitrobenzene the reaction takes place in one step (Scheme 3.29., red 
and green line), and these TSs possesses high polarity (μ=17.3 D). 

N N

PF6

XO2N HN+ NO2N

40 41 42



Computational analysis of MAOS and Organic reactions 
Results & Discussion 

 191 

 
Scheme 3.29. Reaction between 4-halonitrobenzene 40 and piperidine 41. 

The computational study was performed at B3LYP(PCM)/6-31G(d)+ΔZPVE level 
using DMSO as solvent. The activation energy in the three cases (F, Cl, Br) is not 
very high, and as expected is lower in the case of fluorine. It is worth noting that in 
this reaction a high increase of the polarity takes place, due to the high polarity of 
both transition state and intermediate.  
 
On the basis of these outcomes, it could be concluded that this process validates the 
theory proposed by Loupy et al. in which, “specific microwave effects can be expected 
for the polar mechanism, when the polarity is increased during the reaction from 
ground state towards the transition one”.9 In other words, when the stabilization of 
the transition state is more effective than that of ground state, it results in an 
enhancement of the reactivity via a decrease in the activation energy. However, it 
should be noted that the reactions were performed in a polar solvent, such as DMSO, 
which absorbs microwave irradiation very efficiently. In conclusion, this processes 
suffered an acceleration effect, which comes as a consequence of the strong absorption 
of microwave irradiation by the reaction medium. 
 
The third example consists of a ring-closing-metathesis reaction, which we have 
previously described in section 3.2.2.41  

Table 3.8. Collected information for the metathesis reaction type III reaction, as shown before. 
Type III 

Ea =20-30 Kcal mol-1 
ΔH<0  

Solvent Polarity  
(D) Δμ  Ea 

(Kcal/mol) 
ΔH 

(Kcal/mol) 
Conditions 
CC     MW Results 

DCM 12-13 
(Reac.) 4-5 25-19 -- 

33ºC  
2 min 

X=N-Ts 
(45%) 
X=O  
(4%) 

33ºC 
2 min 

X=N-Ts 
(91%) 
X=O  
(85%) 

Acceleration 

X
X

DCM, catalyst
nm

nm

X=O, NTs
12 19'
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The DFT computational study of this reaction described in the text above, 
summarised that the improvement produced in this reaction is a consequence of the 
polarity of the reaction mixture produced by one reagent and some intermediates:  a 
clear thermal effect. 

  

μ (D) = 7.3 D 
Figure 3.24. Optimised structure of diallylamine 12b at B3LYP/6-31G(d) level of theory.  

In summary, type III reactions include exothermic reactions with high activation 
energies. The higher reaction rate and the improvements achieved under microwave 
irradiation is due to an effective interaction of the material with the electromagnetic 
field by the presence of a polar component that increase the polarity of the medium, 
either the existence of molecular radiators, doping agents or solvents.  
 
Type IV reactions (Ea =20-30 Kcal mol-1, ΔH>0) 
 
Type IV reactions include endothermic reactions with high activation energies. The 
first reaction studied is the intramolecular [2+2] cycloaddition of alkynyl allenes (43) 
to afford bicyclomethylenecyclobutenes (44).  

Table 3.9. Collected information for the chosen type IV reaction, computed at B3LYP/6-31G(d). 

Type IV 
Ea =20-30 Kcal mol-1 

ΔH>0 
 

Solvent Polarity 
(D) Δμ  Ea 

(Kcal/mol) 
ΔH 

(Kcal/mol) 
Conditions 
CC     MW Results 

Ionic 
Liquid 

19.1 
(I.L.) 

(Toluene) 
0.6 29.7 28.9 

No 
reaction 

15 min 
250ºC 
(74%) 

Reaction takes 
place only under 

MW 

The reaction occurs in 15 min. at 250ºC under microwave heating and high yields 
(74%) of compounds 44 were obtained.112 Such a high temperature was necessary for 
the reaction to occur, and was achieved by doping the reaction mixture with an IL (in 
this case, 1-ethyl-3-methylimidazolium hexafluorophosphate). The computed 
activation energy (29.7 Kcal mol-1) and ΔH (28.9 Kcal mol-1) showed that the 
reaction required very harsh conditions, which again, the presence of an IL (19.1D) 
couples efficiently with microwaves makes possible to exceed for the drastic conditions 
to which the reaction is carried out.  
 

N
Ts
12b

O
R1

R2

O

43 44

R1

C
R2
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The second reaction is a 1,3-dipolar cycloadditions of pyridinium dicyanomethylidene 
and phenyl acetylene under microwave reaction.  

Table 3.10. Collected information for the chosen type IV reaction, computed at B3LYP/6-31G(d). 

Type IV 
Ea =20-30 Kcal mol-1 

ΔH>0 
 

Solvent Polarity 
(D) Δμ  Ea (Kcal/mol) ΔH (Kcal/mol) Conditions 

CC     MW Results 

Solvent 
free 

Bentonite 

8.5 
(Reac.) -3 21 21 

150ºC 
180 min 
traces 

150ºC 
190 min. 

50% 

Reaction takes 
place only under 

MW 

The reaction was performed in a Prolabo Maxidigest MX 350 monomode reactor in 
order to have an accurate control of the temperature. De la Hoz et al.26c studied 
several parameters (molar ratio, incident power, temperature and irradiation time on 
the yield and selectivity). The results showed that the extension of the cycloaddition 
is controlled by the temperature for the reaction, while prevents the decomposition of 
pyridinium N-dicyanomethylide. In this way the best results were obtained using a 
molar ration ylide : dipolarophile 1 : 1.5 and under solvent free conditions or using 
Bentonite as mineral support and catalyst. Only traces of cycloadducts were detected 
by conventional heating and yields could not be improved even extending the reaction 
time to several days. 

  
μ (D)= 8.5  

Figure 3.25. Optimised structure of pyridinium dicyanomethylidene 45 at B3LYP/6-31G(d). 

The computational study performed at B3LYP/6-31G(d)+ΔZPVE level, indicated 
that this process is high endothermic (20.3-22.4 Kcal mol-1), with a moderate value for 
the activation energy (20.5-22.6 Kcal mol-1). The polarity values obtained indicates 
that pyridinium dicyanomethylidene 45 is a very polar species (8.5 D) (Figure 3.25.). 
It should be recalled that this reagent is used in excess. This fact coupled with the 
presence of Bentonite and solvent-free conditions, allows an efficient absorption of 
microwave energy by the substrates.  
 
Again, in type IV reactions, the presence of a polar reaction medium, using polar 
reagents, allows the reaction to be improved under a polarizing field such as 
microwaves. 
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Type V reactions (Ea >30 Kcal mol-1, ΔH<0) 
 
This group, type V reactions, includes exothermic reactions with activation energies 
above 30 Kcal mol-1.  

Table 3.11. Collected information for the chosen type V reaction, computed at B3LYP/6-31G(d). 

Type V 
Ea>30 Kcal mol-1 

ΔH<0 

 
Solvent Polarity 

(D) Δμ  Ea (Kcal/mol) ΔH (Kcal/mol) Conditions 
CC       MW Results 

H2O or 
TFE 

19.9 
(Reac.) -7.1 41.8 -4.5 

100 ºC 
2h/H2O 
(76%) 

3 min 
TFE 
(78%) 

Acceleration 200 
times 

The selected reaction is a Diels-Alder cycloaddition between 1,1-bis-2-thienylethene 
(49) and azoniaanthracene (50) leading to 6,11-ethanobenzo-[b]quinolizinium (51). 
This process was performed in trifluoroethanol (TFE) or 10% AcOH in TFE as 
solvent in a domestic oven and was highly accelerated under microwave irradiation (3 
min) and with good yields (78%). Under conventional heating the reaction takes place 
in 2 h.113 

 
These very short reaction times make it possible to apply this reaction to the 
synthesis of fluorine derivatives of short life 18F labelled 51. Derivatives 51 exhibited 
potential affinity toward NMDA (N-methyl-D-aspartate) receptors that is an ion 
channel receptors for L-glutamate, an excitatory amino acid in the mammalian central 
nervous system. 

    
μ (D)= 19.9 

Figure 3.26. Optimised structure of azoniaanthracene 50 at B3LYP/6-31G(d). 

The computational study performed at B3LYP/6-31G(d)+ΔZPVE indicated that this 
process is exothermic, but its activation energy is 41.8 Kcal mol-1. These harsh 
conditions can be overcome due to the extreme high polarity of azoniaanthracene 
(19.9 D), similar to an ionic liquid. Again, the presence of a very polar reagent 
produces an increase in the absorption of microwaves, a clear thermal effect.  
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Type VI reactions (Ea >30 Kcal mol-1, ΔH>0) 
 
Finally, type VI reactions are endothermic processes with high activation energy. 

Table 3.12. Collected information for the chosen type VI reaction, computed at B3LYP/6-31G(d). 

Type VI 
Ea>30 Kcal mol-1 

ΔH>0 

 
Solvent Polarity  

(D) Δμ  Ea (Kcal/mol) ΔH (Kcal/mol) Conditions 
CC       MW Results 

Benzene 8.6 
(Reac,) 5.5 35.3 5.6 No reaction -- 

Reaction between 4-nitroimidazole (52) and cyclohexadiene (53) which does not occur 
under microwave irradiation,36 although 4-nitroimidazole is moderately polar (8.6 D) 
(Scheme 3.30.). On the other hand, the reaction between 4-nitropyrazole and 
cyclohexadiene renders high yield (80%), although the polarity of nitropyrazole (5.5 
D) and its nucleophilicity are lower than the correspondent imidazole, it provides a 
big improvement in relation to conventional heating (5%). 

 
Scheme 3.30. Reaction of 4-nitroimidazole 52 and 4-nitropyrazole 54 with cyclohexadiene 53. 

Computational calculations at the at the B3LYP(PCM)/6-31G(d)+ΔZPVE level 
showed two different mechanisms for both reactions. While addition of pyrazole 
(Mechanism 1, Scheme 3.31.) implies a protonation and a concerted addition of 
pyrazole, addition of imidazole is stepwise (Mechanism 2, Scheme 3.31.). The 
calculated values of the activated barriers are 29.5 Kcal mol-1 for mechanism 1, and 
35.3 Kcal mol-1 for mechanism 2. As expected for the proposed mechanism, there is an 
increase in the polarity from the starting material to the TS (TS1, 14.9 D; TS2, 10.4 
D; TS3, 5.8; and TS4, 10.3 D). However, regardless of the polarity of the TS, only 
the reaction of 4-nitropyrazole 54 actually occurs. 

N

N
H

NO2
+

N

N

NO2

5352

N
N
H

NO2

No reaction

N
N

NO2

54

5355

N

N
H

NO2

52



Part III 

 196 

 
Scheme 3.31. Computed mechanism for the reaction of 4-nitroimidazole 52 and 4-nitropyrazole 54 with 

cyclohexadiene 53. 

These results are representative to this type of reactions and are in agreement with 
our calculations, showing that under microwave heating reactions with high activation 
energies (29.5 Kcal mol-1, type IV reactions) can be successfully performed. However, 
when the activation energies are above 30 Kcal mol-1, type VI reactions, the processes 
do not occur. 
 
Remarks & conclusions 
 
The outcomes obtained in this study support that slower reacting systems tend to 
show better effect under microwave irradiation. However, the reason as to why these 
systems are only improved with microwaves and nor under classical heating lies in the 
different nature of the two heating methods. Microwave heating, being 
electromagnetic irradiation, is highly influenced by the polarity of the media, and it 
requires a good wave-matter interaction to get a rapid warm up. A careful analysis of 
the results allows us to highlight three possible causes for this optimal interaction: 
 

− Radiation is selectively absorbed by polar systems, a characteristic that leads 
to selective heating profiles. The presence of a polar solvent, reagent or 
support in the media leads to a strong coupling with the radiation. This fact 
is particularly important in heterogeneous systems where it could also 
generate microscopic hot spots or selective heating. 

− The efficient absorption of microwaves is particularly important if the 
polarity is increased along the reaction coordinate. 

− The presence of small amounts of a strongly microwave absorbing “doping 
agent or susceptor” such as an ionic liquid. This permits to perform reactions 
with high activation energies and even endothermic reactions that do not 
succeed under conventional heating. 
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Considering the six reaction types included in this our model, the results confirm and 
even expand our model. 
 

− Exothermic reactions with low activation energies (type I) proceeds well under 
conventional heating and no improvements should be expected under 
microwave irradiation. However, the corresponding endothermic reactions 
(type II) can be weakly improved under microwave irradiation in the 
conditions described above. 

− Endothermic and exothermic reactions with high activation energies (type III 
and IV) can be improved under microwave in a polar media (reagents, 
solvent, catalyst), even they can be favoured over type I reactions. 

− Reactions with very high activation energies can be performed under 
microwave irradiation when two requirements are fulfilled, if they are 
exothermic (type V) and a polar media is present. Endothermic reactions 
(type VI) are not performed even with polar substrates. These reactions do 
not occur under conventional heating. 

− Most reactions can be improved by addition of a susceptor (solid or liquid) 
that provides a good coupling with microwaves and an efficient and rapid 
heating. 
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Computational analysis of enantiomeric excess  
in copper-catalysed cyclopropanation 

 
 
 

he second part of this chapter is based on a pre-doctoral stay of four months at 
the mixed centre between the University of Zaragoza and the Consejo Superior 

de Investigaciones Científicas (CSIC) in the group of Catálisis Heterogénea en Síntesis 
Orgánicas Selectivas (CHESO). The main purpose of this research stay focused on the 
strenghtenment of my understanding of Computational Chemistry, on the modelling 
of organometallic reactions, and to widen my familiarity with the variety of possible 
computational methods and studies that the hosting group had experienced in the 
development of their research. 
 
Throughout the development of this research stay, I was able to make myself of the 
importance of the role that the chemist has to play when performing computational 
calculations to support or explain any experimental phenomena. Nowadays, it is more 
and more common for synthetic groups to have someone who can perform the 
“occasional” computational calculation to clarify a specific problem, and as such, the 
frontiers between the theoretical and the experimental part cross, feeding information 
to one another in order understand the situations. That is why it is so important to 
have a very grounded understanding of what can each discipline learn from each 
other; when they can complement the information at hand, and when the information 
doesn’t have any good chemical meaning.  
 
3.3 Previous work 
 
Chemistry is often portrait as the “bad-guy” of the experimental sciences and it has 
often been on the centre of public and media debate on environmental aspects. In this 
aspect, Organometallic Chemistry, which needs to use heavy metals to perform the 
reactions, could and has been presented as a useful tool, but one that should only be 
used sparingly and/or when it is really needed. Nevertheless, in 2010 the Nobel prize 
of Chemistry was awarded jointly to Richard F. Heck, Ei-ichi Negishi and Akira 
Suzuki "for palladium-catalysed cross couplings in organic synthesis".114 This award 
has been one of the last of a series of them to the field of Organometallic Chemistry, 
which has taken in its role to conquer great synthetic problems and achieve reactions 
that couldn’t be done under any other experimental conditions. Moreover, in this 
same common field of catalysis, the asymmetric counterpart has been seen to grow in 
importance in the development of efficient and highly enantioselective catalyst, 

T 

Interuniversity National collaboration 
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requiring in most cases the tuning of the electronic nature of both the metal and the 
ligands attached to this centre to precisely accommodate the substrate and reagents. 
 
In that aspect, bis(oxazolines) (BOX) have been established as a kind of powerful 
ligand in asymmetric catalysis.115 These ligands were first described independently by 
Evans et al.116 and Masamune et al.117 and more concretely, chiral 2,2’-bis(oxazolines), 
in their metal complexes, have been successfully applied to a number of asymmetric 
reactions such as cyclopropanations,118 Diels-Alder cycloadditions,119 ene reactions,120 
Mukaiyama aldol reactions121 among others.122 
 
Up to some extent some of the applications are unique, like the cyclopropanation 
reaction, which stands as one of the few synthetic methods to obtain cyclopropane 
derivatives. These compounds normally present interesting biological properties123 as 
well as valuable starting materials and intermediates in organic synthesis.124 
Therefore, there have been great efforts to develop efficient diastereo- and 
enantioselective methods for the synthesis of cyclopropanes.125 Having established the 
importance of the compounds and the reaction per se, one may wonder which metal 
centre would perform better for this reaction. I believe it is safe to say that nowadays 
if a reaction looks difficult or high selectivity is needed, the get-to-go metal centre 
could be gold,126 rhodium127 or ruthenium.128 While the use of these catalysts is 
perfectly reasonable, as we mentioned, environmental and economic aspects can limit 
its applicability. Meanwhile copper has also showed its high efficiency in asymmetric 
cyclopropanation reactions129 and its relatively low cost in comparison with the other 
metal derivatives, based copper catalyst is particularly attractive. 
 
 Computational mechanistic analysis of the cyclopropanation reaction 
 
Up to this point, in previous sections we have focused on the study of catalytic 
reactions to understand their behaviour under certain experimental conditions. 
However, the analysis of computational mechanistic on transition-metal-catalysed 
reactions is not only able to provide useful insights on the determination of the 
mechanism of these reactions, but it can also help in the design of new and more 
efficient catalytic systems.130 
 
More particularly, and relating to the cyclopropanation reaction that we talked 
before, these reaction has been thoroughly studied in the case of alkenes with ethyl 
diazoacetate catalysed by 2,2’-bis(oxazoline)–copper(I) complexes. There have been a 
number of theoretical studies, which manage to rationalise the stereochemical outcome 
of this reaction. It must be noted that these type of studies based on the 
computational mechanistic studies on enantioselective catalytic systems still remains 
highly difficult at the quantum mechanical level, due mostly to the size of the 
systems, the different reactions channels for this reaction and the small differences 
involved in the stereoanalysis of the reactions. Nevertheless, these reactions have 
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intensively studied demonstrating that the copper atom of the carbene complex had a 
distorted trigonal coordination, probably due to the steric interactions between the 
substituents of the oxazoline rings, the metal-carbon bond and the functional group of 
the carbenoid complex. This fact plays a key role in the observed stereoselectivity.131 
These studies also concluded that the direct insertion in the carbene is favoured over 
a stepwise process in the step that controls the stereoselectivity, while the formation 
of the metal-carbon bond of the carbene is the rate-limiting process in the general 
accepted mechanism (Scheme 3.32.). The strong influence of the copper salt 
counteranion has also been studied in terms of its distinct coordinating properties, 
and, thus, the different geometry of the reactive metal centre,132 and the same 
theoretical methodology have also been applied to other closely related chiral 
ligands.133 

 
Scheme 3.32. General mechanism for the cyclopropanation reaction 

For the development of this work, we have to remember that the study of mechanism 
for any reaction, catalytic or not, lays on the calculation of its transition states (TSs) 
from a potential energy surface (PES). The energy of these TSs makes it possible to 
calculate reaction rate constants with the help of transition state theory. As it turns 
out, the location of these TSs is often difficult on PES with a lot of degrees of freedom 
or variables, especially if the energy differences in the reaction are very small in the 
surroundings of the TS location, and unfortunately metal–carbene additions are 
examples of such reactions.129a, 134 In such cases, the results obtained for structures, 
energies and even the location of this stationary points, become very dependent on the 
level of theory employed. This situation means that it could be possible to have very 
good results of enantioselectivity in a very wide range of geometries. In a relatively 
recent publication, Jiménez-Osés et al.135 proposed this is mainly due to the molecular 
physics of the system, where just as Pfaltz proposed the mechanism for the 
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enantiodiscrimination, if we were to assume that, in these systems, the enthalpy is 
driven by the steric repulsions, and that the entropy differences are negligible for both 
the Re and Si approaches in the insertion, the ∆∆G can use in the TS of the 
potential surface and thus can be correlated to the ∆∆E at the same coordinate 
point, even if it is not a stationary point. The authors compared this situation to the 
behaviour of sea waves, for which there is a direct relationship between the slope of 
the bottom of the sea and the height of the crest of the wave. In this case, the slope of 
the “bottom of the sea” is the ∆∆E surface of the reaction, which mainly depends on a 
single steric interaction that clearly differentiates between the Re and Si approaches. 

  
Figure 3.27. Graphical representation of the enantiodiscrimination based on the potential surface. 

In the development of this section and, as I mentioned, to expand my knowledge on 
how others researchers study organic reactions through computational methods, I 
made my research visit in one of the research group from the University of Zaragoza, 
the group of Catálisis Heterogénea en Síntesis Orgánicas Selectivas. This group has 
worked intensively towards the study of the mechanism of this reaction both 
experimentally and theoretically,131, 136 with the aim of better understanding the key 
factors governing the stereoselectivity. 
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3.4 Results and discussion 
 
This work was developed in collaboration with Patrick O’Leary from the National 
University of Ireland in Galway. The objective of this work was to evaluate the 
influence of the chirality of the backbone of the ligands prepared previously137 by the 
O’Leary’s research group and how it affected on the stereoselectivity achieved by the 
ligand’s copper complexes, 4,4′-BOX ligands 56-63 (Figure 3.28.), in the asymmetric 
cyclopropanation of styrene and the influence of chiral pendant groups on the 
stereoselectivity. 

 
Figure 3.28. 4,4′-BOX ligands applied to the cyclopropanation reactions 

These eight 4,4′-BOX ligands were applied to the asymmetric cyclopropanation 
reaction of styrene with ethyl diazoacetate (Scheme 3.33. & Table 3.13.), in which the 
reactions were conducted using 10 mol% of the copper(I) triflate ligand complex 
relative to the ethyl diazoacetate and a three fold excess of styrene. The two 
diastereomeric ligands 62 and 63 were particularly interesting, for they could give 
some insight to the relative influence of the chirality in the backbone and in the 
pendant groups on the reactions stereochemical outcome.  

Scheme 3.33. & Table 3.13. Ligand performance in the copper(I) catalysed asymmetric cyclopropanation 
reaction. 

 
Ligand Conversiona (%) Trans : Cisa %ee Cisb 

(major) 
%ee Transb 

(major) 
56 99 60:40 32 (1R,2S) 16 (1R,2R) 
57 99 62:38 14 (1R,2S) 7 (1R,2R) 
58 91 48:52 - - 
59 80 53:47 24 (1S,2R) 24 (1S,2S) 
60 99 59:41 6 (1S,2R) 4 (1S,2S) 
61 63 40:60 70 (1S,2R) 69 (1S,2S) 
62 67 37:63 64 (1S,2R) 61 (1S,2S) 
63 66 59:41 20 (1R,2S) 8 (1R,2R) 

a Conversion and trans/cis ratio were determined by 1H NMR. b determined by chiral GC (Cyclodex-B 30m× 0.252mm 
×0.25 μm) 
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These results showed that in all cases the ligands proved ineffective in influencing the 
diastereoselectivity of the reaction to any major degree. However, the 
enantioselectivities were much more encouraging. For example, ligands 56 and 57 
both gave small enantioselectivities, which indicated that the chiral backbone did 
indeed influence the enantioselectivity of the reaction, and even though these two 
ligands are derived from the opposite enantiomers of arabitol they favour the same 
enantiomer of product. This behaviour was not unheard of, since it has also been seen 
in copper 2,2′-bis(oxazoline) catalysis of Diels-Alder and ene reactions.138 In these 
cases, the alteration was attributed to the change in co-ordination geometry around 
the metal when the pendant groups on the oxazoline rings were altered or when extra 
coordinating ligands/anions were present in the metals co-ordination sphere. This 
change in co-ordination geometry is often simplified as a switch between tetrahedral 
and square planar geometry around the metal although the reality is thought to be 
someway short of these extremes.  
 
For the next set of ligands, the meso XyliBOX ligand 58, the reaction was, as 
expected, not stereoselective. However, when the chiral sidearms were added to the 
same backbone to give ligands 59 and 60, then modest enantioselectivities were 
achieved. It seems apparent that chirality in either the backbone of the ligand or in 
the sidearms would influence the stereoselectivity of the reaction. Ligands 61-63 were 
designed to combine both of these facts. The PhPrAraBOX ligand 62 gave us our 
highest enantioselectivities yet at around 70% for both cis and trans isomers. The 
MePrAraBOX ligand 61 gave slightly lower enantioselectivity, even though it had 
been the more effective sidearm with the XyliBOX backbone. 
 
The PhPrAraBOX ligand 63, which is diastereomeric with 62, gave initially very 
disappointing results with very low enantioselectivities. However, closer examination 
of the results render that the enantiomer of the cyclopropane produced in both the cis 
and trans case is the opposite of that seen previously. This gives very clear evidence of 
an ‘match’ effect between the chiral centres present in ligand 62 and a ‘mismatch’ in 
the case of ligand 63 where the chiral groups seem to pull the enantioselectivity in 
different ways leaving the result as seen. 
 

Control of enantiomeric excesses in Cyclopropanation reaction. 
The case for (R)-PhAraBox (56) 

 
In order to get some insight on the origin of the enantio-differentiation leading to the 
enantioselectivities and absolute configurations of the major enantiomers found, we 
undertook a computational study, based on the previous successful results obtained 
with 2,2’-bisoxazolines.118a, 131, 133a, 136e, 136f 
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First of all, we calculated the structure of the cationic 56-Cu(I)-carbene intermediate, 
whose optimised geometry was similar to that of the 56-CuCl2 complex, determined 
by X-ray diffraction.137a Once the adequacy of the theoretical level used to reproduce 
molecular geometries was tested, we started the modelling the cyclopropanation 
reaction using ethylene as the alkene. Unless noted otherwise, we would be discussing 
the results obtained with the B3LYP/6-31G(d) methodology, which was established as 
a reasonable method to determine enantioselectivity for this systems.139 However, we 
also performed single point calculation with some of Truhlar140 and Perdew, Burke 
and Ernzerhof’s funtionals141 and triple-zeta basis set for correction purposes, but 
these results were not bettered. 
 
Although the resulting cyclopropane is not chiral, the corresponding TS of the 
approaches of ethylene through the Re and Si faces of the carbene carbon atom of the 
chiral bisoxazoline-copper complexes are diastereomeric, and hence different in energy. 
In previous studies,131, 136e, 139 it was shown that the main steric interactions 
responsible for the enantioselection are retained in this simplified model with ethylene 
as the alkene, leading to good estimations of the enantioselectivity of real systems, 
and, consequently, we adopted the same approach in this study. As already 
mentioned, ethylene can approach to the carbene carbon atom through its Re or Si 
faces. Furthermore, there are two conformations of the ester group for each approach 
and this leads to at least four possible reaction channels. First the Re TS displays a 
chelate structure almost identical to that of the carbene intermediate. However, the Si 
TS is much more deformed, and the six-membered copper chelate ring changes its 
conformation from the initial half-chair to a boat-like disposition (Figure 3.29.). The 
highlights of these structural differences can be observed by superimposing the 56-
Cu(I)-carbene intermediate with the minimum energy Re and Si TS, respectively.  

 
Figure 3.29. Superimposition of the calculated 56-Cu-carbene geometry (green) with those of the Re (blue) 

and Si (red) transition structures. Left, zenithal view, right, front view. 

However, the analysis of the results renders that the relative energies for three of the 
four TS are almost the same, which makes it seem that the geometric deformation 
observed has a rather low energy cost (Table 3.14.). In the table, Re and Si stand for 
the stereoface of the carbene carbon atom where the alkene is approaching, which 
determines the absolute configuration of the C-1 of the cyclopropane products (for 
this reaction, Re approach leads to (1R)-cyclopropanes, and Si approach to (1S)-
cyclopropanes). Finally, 1 and 2 stand for the conformation of the carbene ester 
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group. In the conformation 1, the carbonyl oxygen atom is far from the approaching 
alkene, whereas in the conformation 2 it points towards to the alkene (Figure 3.30.).  

 
Figure 3.30. Minimum energy TS of the Re geometry for both conformations of the calculated 56-Cu-

carbene intermediate. 

The modest enantioselectivity observed seem to have its origin in the slight preference 
of one of the reaction channels over the other three. This result is comparable with 
either of the computational methods employed, however the results for M06/TZ and 
PBEPBE/TZ changes the relative stability towards configuration 1, where the 
carbonyl avoids the approaching alkene, which could be due to the better electronic 
definition of the groups involved (Table 3.14.).  
Table 3.14. Calculated enantioselectivity in the reaction of ethylene with methyl diazoacetate, catalysed by 

the 56-Cu complex. 
TS ΔΔG‡ (Kcal mol-1) 

Re/Si Ester rotam. B3LYP/6-31G(d) M06/TZa PBEPBE/TZa 
Re 1 0.9 0.0 0.0 
Re 2 0.0 0.2 0.8 
Si 1 0.9 0.1 0.3 
Si 2 0.7 2.4 2.4 

a Single point energy calculation on the B3LYP geometries using a mixed basis set: 6-311G(d,p) for main 
elements and LANL2TZ with effective core pseudopotential for Cu. 

The calculated enantioselectivity with the B3LYP/6-31G(d) results (39% ee in the 1R 
enantiomer) is in excellent agreement with the experimental values obtained (32% ee, 
Table 3.13., ligand 56), hence for the rest of the text we would only present the 
B3LYP data to the discussion. This data is obtained based on the Boltzmann 
distribution obtained from the Gibbs free energies collected in the Table 3.14.  
 
Since the results we obtained were in line with previous applications, and it seemed 
that the same methodology could be used to predict the enantioselective behaviour for 
this systems as well, we continued to some more demanding calculations for the new 
ligands obtained in the O’Leary research group.  
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The case of MePrXyliBOX (59) 
 
For the next case of study, we considered the case of XyliBOX ligands, the simplest 
case where the substitution pattern in the lateral chains is a methyl group, namely 
that of MePrXyliBOX (59). However, the situation for this ligand turns to be much 
more complex that in previous examples, due to two main reasons: 
 

− the different absolute configuration at oxazoline carbon atoms. This time the 
ligand is not C2-symmetric, so the number of possible alkene approaches to 
the corresponding carbene intermediate doubles, as we must consider the 
approach of the alkene through the S and R sides, both when the ester group 
is up and down, which are now sterically inequivalent.  

− the possible conformations not only of the six-membered chelate ring, but also 
of the 1-methylpropyl substituent. To this end, we carried out an exploratory 
conformational analysis, and we concluded that, as far as the methylpropyl 
substituent is concerned, there are three main conformational dispositions 
gathering most of the conformational population. This means that, if we 
consider again ethylene as the alkene, we have at least 2 x 2 x 2 x 3 = 24 
possible reaction channels for the reaction. This bears in mind the Re/Si 
approaches with the ester up/down by two possible rotamers for the ester by 
three possible conformations for the methylpropyl substituents (Figure 3.31.).  

 
Figure 3.31. Most populated conformations of the methylpropyl substituents in MePrXyliBOX 

(59). 

Table 3.15. shows the summary of the calculated energies for the ligand 
MePrXyliBOX (59), bearing in mind all the possible configurations and the sterically 
inequivalence of the ester group. 
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Table 3.15. Calculated enantioselectivity in the reaction of ethylene with methyl diazoacetate, catalysed by 
the 59-Cu complex at the B3LYP/6-31G(d) level of theory. 

TS ΔΔG‡ 
Re/Si Ester up/down MePr rotam. Ester rotam.  

Re up I 1 0.7 
Re down I 1 0.3 
Re up II 1 5.2 
Re down II 1 3.0 
Re up III 1 2.3 
Re down III 1 5.9 
Re up I 2 1.3 
Re down I 2 1.1 
Re up II 2 3.3 
Re down II 2 4.0 
Re up III 2 2.9 
Re down III 2 5.8 
Si up I 1 0.4 
Si down I 1 0.0 
Si up II 1 2.6 
Si down II 1 3.5 
Si up III 1 2.6 
Si down III 1 2.8 
Si up I 2 1.5 
Si down I 2 0.3 
Si up II 2 2.9 
Si down II 2 2.9 
Si up III 2 3.9 
Si down III 2 3.8 

As can be seen, the lowest energy TS corresponds to a Si approach and, overall, the 
insertion through the Si face to render the 1-S-cyclopropane product is favoured. 
Furthermore, only the reaction channels through conformation I of the methylpropyl 
substituent contribute significantly to determine the enantioselectivity. The minimum 
energy TS, contributing the most to the final enantioselectivity are shown in Figure 
3.32. Some of the hydrogen atoms are not depicted for clarity purposes. 

 
Figure 3.32. Minimum energy TS for the Re (left) and Si (right) alkene approaches to the 59-Cu-carbene 

intermediate. 
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Again, there is a fairly good agreement between the calculated enantioselectivities 
(29% ee in 1S-cyclopropane) and the experimental results (24% ee in both 1S,2R-cis- 
and 1S,2S-trans-cyclopropanes). 
 

For the case of MePrAraBOX (61) 
 
Finally, we considered the case of the analogous MePrAraBOX ligand 61. It must be 
noted that the only difference with ligand 59 lies in the absolute configuration of one 
of the carbon atoms at the C-4 position, but this small difference results in a 
noticeable improvement of enantioselectivity. Ligand 61 is again C2-symmetric, which 
reduces the number of possible reaction channels from the 24 possible TS to just 12. 
These results are gathered in Table 3.16., which collects the calculated relative 
energies of the corresponding TS. 

Table 3.16. Calculated enantioselectivity in the reaction of ethylene with methyl diazoacetate, catalysed by 
the 61-Cu complex at the B3LYP/6-31G(d) level of theory. 

TS ΔΔG‡ 
Re/Si MePr rotam. Ester rotam.  

Re I 1 1.2 
Re I 2 1.8 
Re II 1 2.3 
Re II 2 4.3 
Re III 1 4.6 
Re III 2 4.0 
Si I 1 0.0 
Si I 2 0.5 
Si II 1 4.6 
Si II 2 5.0 
Si III 1 2.1 
Si III 2 5.7 

The structures contributing the most to the final enantioselectivity are shown in 
Figure 3.33.  

 
Figure 3.33. (a) Minimum energy TS for the Re (left) and Si (right) alkene approaches to the -Cu-carbene 

calculated intermediate. (b) Superimposition of both TS (red, Re TS, blue, Si TS). 
 

As in the case of XyliBOX, only the reaction channels through conformation I of the 
methylpropyl substituent contribute significantly to the reaction. However, unlike 
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XyliBOX, the AraBOX ligand display a clear preference for the Si reaction channels, 
leading to a calculated enantioselectivity of 75% ee in 1S-cyclopropane, again in 
excellent agreement with the experimental observations (ca. 70% ee in both 1S,2R-cis- 
and 1S,2S-trans-cyclopropanes).  
 
If we compare the minimum energy TS for Re and Si approaches (Figure 3.33.b), we 
realise that there are only very minor changes in the global geometry of the ligand, 
associated to the spatial disposition of the carbonyl group. These minor changes in the 
position of one of the methylpropyl substituents seem to be in the origin of the small 
energy differences leading to the enantiodiscrimination. 
 

Remarks & conclusions 
 
As a conclusion, we have applied these ligands to the asymmetric copper catalysed 
cyclopropanation of styrene and achieved enantioselectivities of up to 70% ee. We 
have conducted a preliminary investigation into the factors that affect the 
enantioselectivity obtained when using copper complexes of these ligands. The fact 
that we have to compute and average multiple reaction channels, including 
conformational complexity of the ligands, remarks its importance on the 
understanding of stereochemical behaviour of this and any reaction, and aspect that 
sometimes is missing from the oversimplification systems and/or mechanism used to 
study reaction computationally.  
 
Overall, this computational study has been used to reflect upon the enantioselective 
behaviour of different 4,4’BOX ligands, and it is currently been working on a 
computer based model in order to fully explore these effects and assist us in future 
ligand design. 
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Experimental section 
 
 
 

The computational calculations realise in the present text have been realised in the proprietary 
cluster of the Computational Service of UCLM, which consists on the following equipment: 
 
Cluster Hpc 

Marge (Super Micro Twin 6015TW-INF) - 
Processor 2 x Intel Xeon E5472 Quad 
3.0 GHz - Principal 16GB -Disk 
160GB -Red 2 x GE -Infiniband -Fibre 
Channel 

Pascal (Super Micro Twin 6015TW-INF) - 
Processor 2 x Intel Xeon E5472 Quad 
3.0 GHz - Principal 16GB -Disk 
160GB -Red 2 x GE -Infiniband -Fibre 
Channel 

Hpc (Super Micro Twin 6015TW-INF) - 
Processor 2 x Intel Xeon E5472 Quad 
3.0 GHz - Principal 16GB -Disk 
160GB -Red 2 x GE -Infiniband -Fibre 
Channel 

Nodes Hpc (32 x Super Micro Twin 
6015TW-INF) -Processor 2 x Intel 
Xeon E5472 Quad 3.0 GHz - Principal 
16GB -Disk 160GB -Infiniband -Red 2 x 
GE 

Cluster HPCx 
Bart (Dell PowerEdge R610) - Processor 2 x 

Intel Xeon E5630 Quad 2.53 GHz - 
Principal 16GB -Disk 250GB -Red 2 x 
GE 

Hpcx (Bullx R423-E2) - Processor 2 x Intel 
Xeon E5645 2.40 GHz - 48GB - Disk 2 x 
500GB -Infiniband QDR 4x -Red 2 x GE 

Hpcx (7 chassis Bullx R424-E2 ≡ 28 nodes) - 
Processor 2 x Intel Xeon E5645 2.40 
GHz -Principal 48GB -Disk 500GB - 
Infiniband -Red 2 x GE 

Lisa (Super Micro Twin 6015TW-INF) - 2 
Processors Intel Xeon E5472 Quad 3.0 
GHz - Principal 16GB -Disk 
160GB -Infiniband Red 2 x GE 

Cluster Thales 
Bayes (Fujitsu-Siemens RX330 S1) - 

Processor 2 x Opteron 2214 2.2GHz - 
Principal 4GB - Disk 2x80GB + 
4x500GB -Red 2 x GE 

Bolzano (Bullx R423-E2) -Processor 2 x Intel 
Xeon E5645 2.40 GHz - Principal 
48GB -Disk 2 x 500GB -Fibre 
Channel -Infiniband -Red 2 x GE 

Boole (Super Micro SYS-6016T-UF) - 
Processor 2 x Intel X5560 2.8GHz - 
Principal 8GB -Disk 250GB - 
Infiniband -Red 2 x GE 

Fermat -Processor 2 x Intel Xeon E5472 3.0 
GHz - Principal 16GB Disk 500GB - 
Infiniband QDR -Red 2 x GE 

Nodes Thales (36 x Super Micro Twin 
6015TW-INF) - Processor 2 x Intel 
Xeon E5472 Quad 3.0 GHz - Principal 
16GB Disk 160GB -Infiniband -Red 2 x 
GE 

Nodes Thales (13 Dell PowerEdge R610) - 
Processor 2 x Intel Xeon E5630 Quad 
2.53 GHz - Principal 16GB - Disk 250GB - 
Infiniband -Red 2 x GE 

 Storage 
Infortrend 16 - access to cabin to 16 SATA - 

5x1TB -RAID5 (4TB) 
Infortrend 24 - access to cabin 10 SATAII - 10 

x 2TB -2 x 8TB (RAID5) 
HP EVA4100 access to cabin to fibre 

Channel 4Gbps -1 node with 12 Disks 
500GB FC. -2 node with 12 Disks 1Tb 
FATA. -1 node with 14 Disks 1Tb 
FATA.
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The geometries of reaction intermediates and transition states were optimised using Density 
Functional Theory (DFT) calculations with the 6-31G(d)142 basis set (unless stated otherwise), 
employing Becke’s three parameterised Lee-Yang-Parr exchange functional (B3LYP),143 and 
using Gaussian 09 Programs suite.144 Frequency calculations were performed to confirm the 
nature of the stationary points and to obtain zero-point energies (ZPEs). All transition 
structures and minima were fully characterised by harmonic analysis. For each located 
transition structure, only one imaginary frequency was obtained in the diagonalised Hessian 
matrix, and the corresponding vibration was found to be associated with nuclear motion along 
the reaction coordinate. Solvent effects on molecular geometries and energies were estimated by 
means of Polarization Continuum Models (PCM).145 Unless stated otherwise, all the energies 
discussed in the text correspond to the solvent-optimised structures. 
 
The collected Z-matrix for all the compounds discussed in this text is available in the Electronic 
Supporting Information (DVD). 
 
DFT Studies on Cobalt-Catalysed Cyclotrimerization Reactions under Microwave irradiation 
 
The basis set employed was the standard 6-31G(d) for all atoms. The minimum energy crossing 
points (MECPs) between singlet and triplet states in the corresponding PES (Potential Energy 
Surface) were optimised using the code developed by Harvey et al.146 The vibrational analyses 
at these points were executed within the (3N-7)-dimensional hypersurface of the seam of 
crossing. The molecular hardness (η) of each species was computed according to the following 
approximate expression. 

 

‘Molecular radiators’ in MAOS reactions. Computational studies on Ring Closing Metathesis 
(RCM) 
 
The basis set employed was the standard 6-31G(d) for all atoms except ruthenium, for which 
the triple-zeta basis with the Stuttgart/Dresden effective core potential (SDD)147 was used. 
B3LYP/6-311+G(2d,p) single point energy calculations were performed in order to obtain more 
accurate energies. To take into account the possible solvent effect of polar media for the 
reaction, we performed single point calculations at the same theoretical level, employing the 
Polarised Continuum Model (PCM) using dichloromethane (DCM) as solvent. Gibbs free 
energies discussed throughout the work were calculated using the triple zeta single point 
energies, and then adding the corresponding ZPE and thermal corrections, and solvation 
energies. 
 
Previously it has been reported that reoptimization of the geometry takes in account that the 
solvent has a very limited effect on the computed solvation energies.77 In spite of this, we 
performed full PCM-B3LYP/6-31G(p) calculations of the precatalytic steps and no differences 
between these values and the single point results were used for the discussion. 
 
The Pauson Khan reaction in MAOS. A computational analysis 

 
The computational method were chosen in correspondence to the same level of theory from 
Nakamura et al.94a The basis set employed was the standard 6-311+G(2d,p) for all atoms 

⌘ =
1

2
(✏L � ✏H)
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except cobalt, for which the double-zeta basis with the Hay and Wadt effective core potential 
(LANDL2DZ)148 To take into account the possible solvent effect, we performed full 
optimization calculations at the same theoretical level, employing the Polarised Continuum 
Model (PCM) using toluene as solvent. 
 
Influence of Polarity and Activation Energy in MAOS 
 
The basis set employed was the standard 6-31G(d) for all atoms and no further consideration 
were in place for the computational studies of these reactions. Frequency calculations were 
performed to confirm the nature of the stationary points and to obtain zero-point energies 
(ZPEs). All transition structures and minima were fully characterised by harmonic analysis. To 
take into account the possible solvent effect, we performed full optimization calculations at the 
same theoretical level, employing the Polarised Continuum Model (PCM) using the 
correspondent solvents of each reaction as necessary. 
 
Computational analysis of enantiomeric excess in Cu(I) cyclopropanation 
 
The geometries of the reaction intermediates and transition states were optimised using density 
functional theory (DFT) calculations with the 6-31G(d) basis set,142 employing Becke’s three 
parameterised Lee-Yang-Parr exchange functional (B3LYP),143 and using a Gaussian 09 
Programs suite.144 Frequency analyses were carried out at the same level to test the nature of 
the intermediates and transition structures found, according to the correct number of negative 
eigenvalues of the corresponding Hessian matrices, and the vibrational frequencies associated to 
the negative eigenvalues. In some cases, single point energy calculations were carried out using 
different functionals and basis sets, to check the consistency of the results. Enantioselectivities 
were estimated based on the calculated relative Gibbs free energies of the TS, unless otherwise 
stated. 
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From oxazolones to cyclobutane: a [2+2] Photo Microfluidic reaction. 
A combined RMN & Computational study of stereoisomers  

 
 

n this last chapter, we present a combined application of the different 
methodologies presented in previous chapters: the experimental approach, with 

flow reactors, photochemistry and NMR spectroscopy, together with the 
computational approach. As such, we shall explore the weakness and/or robustness 
of both methods individually and how important is to learn how to interpret the 
data obtained from both approaches to resolve the problem at hand. 
 
4.1 Previous work 
 
During the last century, photochemistry has profoundly affected organic synthesis, 
proved by the many successfully synthetic routes that currently involve a 
photochemical reaction as a key step. This field can be considered relatively new 
(early XIX century) compared to the scope achieved by the rest of synthetic 
chemistry. As we mentioned in the introduction, photochemistry is a sub-discipline 
of chemistry, and deals with the study of chemical reactions, which proceed by the 
adsorption of light, and it is ruled by its own sets of laws.1 Everyday examples 
include the photosynthesis processes that occur in living organisms, for example the 
isomerization of retinal (also retinaldehyde or vitamin A aldehyde), which constitute 
the chemical basis of animal vision. 
 
The first photochemical reaction was described by Trommsdorf in 1834, when he 
observed that crystals of the compound α-santonin, when exposed to sunlight in its 
crystal form, turned yellow and burst, while none of this happens in solution. The 
reason to this different behaviour was unknown at that time until, finally, in 2007 
after confirming the hypothesis from Matsuura et al. (making use of X-ray, NMR 
spectroscopy and DFT calculations), and isolating the unstable intermediate 
involved, when Garcia-Garibay et al.2 revealed that the reaction was a succession of 
three steps taking place within a single crystal, one of which involves a [2+2] 
cycloaddition. The bursting effect was attributed to an enlargement of the crystal 
volume on the dimerization step (Scheme 4.1.). 

 
Scheme 4.1. Schematic of the photo-induced reaction of α-santonin when exposed to sunlight. 
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This field couldn’t have advanced more rapidly if it wasn’t for the Woodward-
Hoffmann rules,3 that combined both computational and experimental studies, such 
as the particularly powerful example involving a photo initiated [2+2] cycloaddition 
between an alkene and an enone, a method pioneered in the laboratories of Corey 
and Eaton independently.4  
 
Cyclobutane importance in nature 
 
The cyclobutane is a four-carbon ring in the family of small carbocyclic rings. It is 
thought that in Nature, compounds with a cyclobutane moiety are obtained via the 
direct coupling by [2+2] cycloaddition of parent monomeric olefins with a very high 
degree of stereo- and regiocontrol. The natural abundance of these cyclobutane 
derivatives is very broad and it has attracted a lot of attention to the organic 
synthesis and biology-inclined chemists, leading to the isolation and total synthesis 
of several cyclobutane-based natural products.5 
 
From the vast list of natural products that have a cyclobutane in their structure, we 
will focus on the monoarylated and bis-arylated cyclobutanecarboxamides, which 
interestingly exhibit a variety of biological activities and medicinal properties.6  
 
For example, incarvillateine (Figure 4.1.), an alkaloid compound with a potential 
analgesic effect, stronger than morphine, is a highly substituted cyclobutane that is 
present in the Chinese plant Incarvillea sinensis. It has been traditionally used in 
treatments for rheumatism and as a pain-relieving agent in ancient Chinese crude 
medicine named “Jiao-hao”.7 Another family of bioactive compounds, the 
Biyouyanagin A and B (Figure 4.1.), were found in plants from the Hypericum 
genus family (Clusiaceae), and have also been exploited for a long time in 
traditional medicine.8 Although these compounds have been historically used as a 
remedy for mild depression, they have also exhibited substantial activity against 
HIV.9 

 
Figure 4.1. Alkaloid compounds with a cyclobutane moiety found in Chinese medicine named “Jiao-hao”. 
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of the carboxylic groups) and truxinic acids (TN, 1,2 position derivatives)10 have 
been known over 125 years, ever since 1888, when Liebermann made its discovery in 
the coca plant. The pharmacologic properties of these derivatives drew a lot of 
attention very quickly, which made its synthesis studied more thoroughly. The 
easiest synthesis to obtain the TL and TN derivatives with the cyclobutane moiety 
was and continues to be the [2+2] reaction of cinnamic acid (Scheme 4.2.).  

 
Scheme 4.2. Photochemical synthesis of truxilic and truxinic acids from cinnamic acid. 

However, since the cinnamic acid coexisted in both its cis and trans configuration, 
coupled with the dimerization head to head (H-H) & head to tail (H-T), results in 
the possibility to obtain a great diversity of isomers via this method (Figure 4.2. 
4.3.). 

 
Figure 4.2. Overview of the characteristic isomers of truxilic acid. 

 
Figure 4.3. Overview of the characteristic isomers of truxinic acid. 

As we mentioned, the particular interest of these derivatives resides in their 
pharmacological properties. Nowadays, they have been studied to have activity as 
antinociceptive, anaesthetic, anti-inflammatory as an agent for muscular inhibition, 
and an excellent treatment for diabetes;11 besides the important aspect of their 
activity, is that it is present at very low doses.6d, 11b, 12 Their great pharmacological 
applications and their promising biological activity, have led the synthetic 
community to find new, swift, selective and economical synthesis.  
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A particular group inside this family of compounds are the 1,3-diaminotruxilic and 
the 1,2-diaminotruxinic acids (Figure 4.4.). This type of substrates presents a 
geminal amine group to the previously mentioned carboxylate group. These species 
are bis-aminoacids and have shown to be a great candidate in pharmacological 
studies for diabetes disorder.6e The interest to obtain this type of molecules in large 
quantity have increased exponentially, however, the access to these structures still 
remains a difficult and limited issue. 

 
Figure 4.4. Type of compounds for 1,3-diaminetruxilic & 1,2-diaminetruxinic acids. 

The bottleneck towards the obtention of these cyclobutane derivatives remains in 
their photochemical synthesis, as the reaction conditions normally require very high 
irradiation power (over 100 W), the reaction times are considerable long and the 
yields are normally low (10-15 %). Moreover, the methods described in the literature 
normally relay in the modifications of basic cyclobutane adducts (Scheme 4.3. left),13 
instead of producing the cycloaddition from compounds with a closer structure to 
the final product (Scheme 4.3. right). 

 
Scheme 4.3. Several retrosynthetic possibilities towards aminotruxilic compounds. 

From the retro synthetic point of view, the obtention of derivatives of 1,3-
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(Z)-4-ariliden-5(4H)-oxazolones as the starting materials (right, Scheme 4.3.), and 
the consequent hydrolysis of the heterocyclic moiety. There are only a couple of 
described examples to obtain similar type of compounds, one of them correspond to 
Wendlander et al.14 who observed the dimerization via the C=N bond instead of the 
C=C, which lead to diazetidine compounds. The other example is much more recent 
and correspond to the obtention of truxilic acids after 3 days and under high 
irradiation sources (500 W) rendering a 10% isolated yield.6e The lack of examples 
has encouraged us to understand our option towards these types of compounds, 
which is almost unprecedented in the literature. 
 
However, in the laboratory the stereo control shown from Nature has limitations, 
due to the additions H-H and H-T and/or E/Z isomerization of olefins, thereby 
leading to the uncontrolled production of a complex mixture of stereoisomers. Some 
may argue that these processes may be unproductive, but until we can achieve a 
method to access high regio- and stereo control over the synthesis of cyclobutanes,15 
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it will be unwise to avoid the task of understanding these complex mixtures with all 
the different tools at our hand. 
 
Oxazolones derivatives 
 
Oxazol-5-(4H)-ones (referred indistinctively as oxazolones throughout the rest of the 
text) contains numerous reactive sites allowing for a diverse set of possible 
modifications. Moreover their chemistry has been extensively studied,16 and they are 
known to be particularly important in enantioselective reactions to render α,α-
quaternary amino acids17 and also in asymmetric synthesis of non-proteinogenic 
amino acids.18 
 
More recently, Urriolabeitia et al. have studied how orthopalladated oxazolones 
undergo a regioselective [2+2] photocycloaddition,19 leading to an unprecedented 
simple synthesis of compounds similar to the before mentioned truxilic acids. To 
such event, these oxazolones have to undergo a Pd C-H direct activation as first 
step20 (Scheme 4.4.a.) that, as with all the cyclopalladated complexes, is recognised 
as useful tools in metal-mediated organic synthesis.21 On its own, it is already a very 
important achievement, since the orthometallation of oxazolones is an 
underrepresented process, and examples appearing in the literature have been 
restricted to saturated compounds with Pd or Ir.22  
 
At that time, the C-H reaction was unprecedented, not only in oxazolones but in all 
types of orthopalladated ligands. Given the versatility of the nuclei and the facility 
to incorporate different substituents to the oxazolones, the authors were, not only 
able to study the C-H activation in a wide range of (Z)-2-aryl-4-aryliden-5(4H)-
oxazolones, but also to study the cyclobutane product coming from the (at that 
time) unexpected [2+2] photocycloaddtion (Scheme 4.4.b.).20a 

 
Scheme 4.4. General schematic of the [2+2] photocycloaddtion for the ortopalladated substrates. 

In most cases they were able to obtain the truxilic acids derivatives from the 
methanolysis of the oxazolones and the subsequent removal of Pd via hydrogenation 
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Scheme 4.5. General schematic of the Pd removal under reductive conditions. 

During the development of this work, a very closely related article appeared in the 
literature,23 making use of aplysinopsins derivatives24 and assessing the importance 
of photochemistry and cyclobutanes in the obtention of ever more biosynthetic 
complex structures. Although their starting materials are different to the (Z)-2-aryl-
4-aryliden-5(4H)-oxazolones, the C=C moiety in the structure is essentially the 
same, which as in our case, had enable them to study the photochemical behaviour 
of these compounds, towards the obtention of some compounds from the family of 
the dictazoles 25 via the [2+2] photocycloaddition. Nevertheless, this example puts in 
relevance the interest on photochemical induced reactions, especially towards 
biocompatible compounds, as it is the work presented here.  
 
Recently our group in collaborations with Urriolabeitia et al, has worked on the 
[2+2] photocycloaddition reaction of these orthopalladated oxazolones, which has 
allowed to implement the flow conditions on these reactions (Scheme 4.4.b).26 The 
reactions were performed in an aluminium box, where the LED source was placed 
(UV-LED bulbs fitted in a printed circuit, PCB, Figure 4.5.) and a mirror to ensure 
the maximum exposure to the UV-light. This UV-LED system was developed in our 
group as part of Dr Alberto Juan Ruiz-del Valle PhD thesis.  

 
Figure 4.5. Integrated flow reactor with the LED source (left, with a winded capillary as the reaction 

volume). Irradiation of samples under continuous flow conditions (right). 

 
Overview of the mechanism of the [2+2] reaction27 

 
As we have previously mentioned, a cycloaddition reaction is included in the greater 
group of pericyclic reactions.28 For the most part, cycloadditions involves two 
fragments or groups, one group contributing with m number of atoms, and the 
second group with n number of atoms; information provided when a cycloaddition 
reaction is named as [m+n] cycloadditions. The most commonly encountered 
cycloadditions are the [2+2] and the [4+2] cycloaddition reactions. 
 

O
O

X

N
Pd

O

O

X
Pd
N

O

O

O
CF3

O
CF3

H2 / MeOH

- Pd (0) 
- TFA

OMeO

O

OMe

X

X

N
H

HN

O

O



Oxazolones. [2+2] Photochemical formation of cyclobutane 
Previous work 

 229 

It would be false to say that there is an international agreement as to what the 
[2+2] photochemical mechanism is. The experimental results of the photo-initiated 
reactions are more difficult to interpret due to the involvement of one or more 
excited-state surfaces. When faced with the determination of the mechanism of the 
[2+2]-photocycloaddition, we can propose three mechanisms (Scheme 4.6.). 

 
Scheme 4.6. Overview of the different accepted mechanisms for a [2+2] photocycloaddition. 

Mechanism A is a concerted pericyclic process (which is permitted by orbital 
symmetry). Moreover, if the reaction takes place by the concerted mechanism A, the 
process is described as with one of the molecules in the excited singlet state (S1) and 
the other in the ground state.27b One clear example of this concerted mechanism is 
the no photosensitised dimerization of cis- and trans-2-butene, which it is 
stereospecific. Mechanisms B and C involved a two-step process, the formation of a 
diradical (DR) and a diion (DI) intermediate29 respectively, to continue with the 
ring closure. In these cases, it is thought that it is a triplet-excited state that reacts 
with the ground-state molecule.  
 
There are some clues as to distinguish which mechanism is operating in any given 
case. For example, we would expect mechanism A to be stereospecific, while 
mechanisms B and C would probably not be stereospecific; stereospecificity might 
be maintained if the ring closure takes place very rapidly, before the DR or DI has a 
chance to rotate about the newly formed single bond. We would also expect 
mechanism C to be sensitive to changes in solvent polarity, while mechanisms A and 
B should be insensitive. 
 
Moreover, photochemically speaking, aryl-substituted alkenes are substrates slightly 
similar to ours, and as photosensible substrates, if activated with UV wavelengths 
(around 350-400nm), the cis-trans isomerization is one of the main processes to take 
place. There are several mechanisms for which the geometric isomerization can take 
place, which depends mostly on the substituents, but they also involve DR or DI 
species.30 We could discuss that the Z/E isomerization is a process, which happens 
in conjunction with the [2+2] reactions, a problem that has been observed before.23 
More concretely, Corey’s pioneering study observed that an identical mixture of 
cycloadducts was obtained from photoaddition of cyclohexenone to either (Z) or (E)-
2-butene, indicating that the stereochemistry of the alkene component is lost in the 
course of formation of the cycloadduct. Moreover, when the system of the [2+2] 
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reaction involved unsymmetrical alkenes, the cycloaddition showed a clear 
preference for formation of the head-to-tail (HT) vs head-to-head (HH) adducts. 
 
The detection and trapping of the biradical intermediate would be an irrefutable 
proof that, whichever the substrate may be, the [2+2] cycloaddition undergoes a 
non-concerted mechanism. We believe that further experimentation, like EPR or 
radical manipulation techniques, could also shed some light on the possible 
formation of the triplet 1,4-DR, giving information on the lifetime of each diradical. 
On the specific example of the [2+2] photocycloadditions of enones and alkenes,4, 31 
there are strong experimental support towards 1,4-DR as the possible mechanism. 
Furthermore, a method was discovered by Weedon et al. using H2Se as the trapping 
reagent,32 while these biradicals seems to be not efficiently intercepted by more 
standard trapping agents (such as thiols and stannanes) because of their shorter 
lifetime.33 
 
Microfluidic photochemistry. 
 
As we mentioned in the introduction, the combination of microfluidic technology 
with photochemistry has enabled the scientific community to extend the application 
of photo-activated reactions. Such are the advantages on the use of microreactors 
(see introduction) that the tendency is to continue to extend its application in this 
field. It is worth noting that in this area there is a plethora of systems, both 
household and commercial, and although the use of capillaries placed around the 
light source is a very valid definition of a reaction volume, due to the excellent 
yields in most cases, the tendency is to make use of microreactors. In our approach 
to what has been done, we shall focused only on examples of photo-activated 
reactions performed on microreactors. 
 
Some of the most important examples range from the diastereoselective 
photoaddition of ethylene to a quiral cyclohexenone; examples that has been 
reproduced at some industry laboratories like Abbott Laboratories and Hoffmann-La 
Roche, probing the point that the results of small scale reaction performed on flow 
can also be scaled to produce multi-grams of products. Another example of 
photocycloadditions is the reaction between ciclohexenone with vinyl acetate in a 
photo-microreactor FOTURAN,34 which was performed in photo-microreactor 
combining commercial available deep UV light or UV LEDs (Figure 4.6.).35 

 
Figure 4.6. Mikroglass microreactor irradiated with black light (left), Hg lamp (centre) & UV-LED 

(right) 
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Figure 3. 15-W black light and the emitted spectrum

In order to test the generality of the [2 + 2] photocyclo-
addition reaction in a microflow system, two more cyclo-
hexenones, 1b and 1c, and two more alkenes, 2b and 2c, were 
examined, with results summarized in Table 2. When the reac-
tion of 3,5-dimethylcyclohexen-2-one (1b) and 4,4-dimethyl-
cyclohexen-2-one (1c) with 2a was carried out using the type 
A reactor with a 300-W mercury lamp, the desired products 
3b and 3c were obtained in 70% and 62% yields, respectively 

(entries 1 and 3). The reaction of 1a with isopropenyl acetate 
(2b) and butyl vinyl ether (2c) gave the corresponding cyclo-
addition products 3d and 3e in 64% and 47% yields, respec-
tively (entries 5 and 7). The reaction of these substrates using 
a 15-W black light and the type B microreactor worked well to 
give the cycloaddition products in comparative yields (entries 
2, 4, 6, and 8). The reaction of 1b and 1c with 2c also gave the 
cycloaddition products 3f and 3g, respectively, in good yields 
(entries 9 and 10).

We next investigated the Paterno–Büchi reaction [12] using 
a similar photomicroreaction system. The reaction of benzo-
phenone (4) with prenyl alcohol (5) [13] was carried out using 
the type B microreactor (1000 mm width, 107 mm depth, 2.2 m 
length). Oxetane 6 was obtained in 91% yield with irradiation 
from a 300-W mercury lamp and 1.2-h residence time (Table 3, 
entry 1). Using the 15-W black light with 1.2-h residence 
time, 6 was obtained with a lower yield (entry 2). A longer 
residence time (4 h) gave an improved yield of 6 (entry 3). 
Although a longer residence time was required for the 15-W 
black light compared to a 300-W mercury lamp, the energy 
efficiency was superior. When soda lime glass was used as a 
cover instead of quartz glass, the yield decreased (entry 4), 
probably due to the propensity of soda lime glass to attenu-
ate the light required for the reaction. The batch mode reac-
tion using a Pyrex round-bottom flask gave 6 in only a 
moderate yield even with a longer irradiation time (92 h, 51% 
yield).

Encouraged by the above results, it was decided to use a 
lower energy UV LED (Figure 4, a peak wavelength of 365 nm, 
and 35 mW × 48 pieces, total 1.7 W, developed by Seoul 
Optodevice Co., Ltd.), which was designed to fit the DNS 

Figure 2. Type B photomicroreactor (DNS) with 300-W high-pressure Hg lamp and the emitted spectrum

Table 1. [2 + 2] photocycloaddition of cyclohexenone (1) with vinyl 
acetate (2)a

a1a (1 equiv), 2a (27 equiv), irradiation from 300 W high pressure mer-
cury lamp or 15 W black light. bYields were determined by GC analysis 
with n-decane as an internal standard. In all cases, 3a was obtained as a 
mixture of three diastereomers (dr = ca. 4:3:2). cIsolated yield for samples 
collected for 45 h by silica gel chromatography.
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(entries 1 and 3). The reaction of 1a with isopropenyl acetate 
(2b) and butyl vinyl ether (2c) gave the corresponding cyclo-
addition products 3d and 3e in 64% and 47% yields, respec-
tively (entries 5 and 7). The reaction of these substrates using 
a 15-W black light and the type B microreactor worked well to 
give the cycloaddition products in comparative yields (entries 
2, 4, 6, and 8). The reaction of 1b and 1c with 2c also gave the 
cycloaddition products 3f and 3g, respectively, in good yields 
(entries 9 and 10).

We next investigated the Paterno–Büchi reaction [12] using 
a similar photomicroreaction system. The reaction of benzo-
phenone (4) with prenyl alcohol (5) [13] was carried out using 
the type B microreactor (1000 mm width, 107 mm depth, 2.2 m 
length). Oxetane 6 was obtained in 91% yield with irradiation 
from a 300-W mercury lamp and 1.2-h residence time (Table 3, 
entry 1). Using the 15-W black light with 1.2-h residence 
time, 6 was obtained with a lower yield (entry 2). A longer 
residence time (4 h) gave an improved yield of 6 (entry 3). 
Although a longer residence time was required for the 15-W 
black light compared to a 300-W mercury lamp, the energy 
efficiency was superior. When soda lime glass was used as a 
cover instead of quartz glass, the yield decreased (entry 4), 
probably due to the propensity of soda lime glass to attenu-
ate the light required for the reaction. The batch mode reac-
tion using a Pyrex round-bottom flask gave 6 in only a 
moderate yield even with a longer irradiation time (92 h, 51% 
yield).

Encouraged by the above results, it was decided to use a 
lower energy UV LED (Figure 4, a peak wavelength of 365 nm, 
and 35 mW × 48 pieces, total 1.7 W, developed by Seoul 
Optodevice Co., Ltd.), which was designed to fit the DNS 

Figure 2. Type B photomicroreactor (DNS) with 300-W high-pressure Hg lamp and the emitted spectrum

Table 1. [2 + 2] photocycloaddition of cyclohexenone (1) with vinyl 
acetate (2)a

a1a (1 equiv), 2a (27 equiv), irradiation from 300 W high pressure mer-
cury lamp or 15 W black light. bYields were determined by GC analysis 
with n-decane as an internal standard. In all cases, 3a was obtained as a 
mixture of three diastereomers (dr = ca. 4:3:2). cIsolated yield for samples 
collected for 45 h by silica gel chromatography.
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4. Experimental

4.1. General. Microflow reactions were carried out using 
a Mikroglas Dwell Device (1000 mm width, 500 mm depth, 
and 1.9 m length, total hold-up volume: 0.95 mL, by Mikro glas 
Chemtech GmbH, Germany), a DNS photomicroreactor 
(1000 mm width, 300 mm depth, and 2.35 m length, total hold-
up volume: 0.7 mL; or 1000 mm width, 107 mm depth, 2.2 m 
length, total hold-up volume: 0.235 mL by Dainippon Screen 
Mfg. Co., Ltd., Japan), or KeyChem-Lumino (1000 mm width, 
200 mm depth, and 56 cm length, total hold-up volume: 0.112 mL, 
by YMC Co., Ltd.) with 300-W high-pressure Hg lamp, 15-W 
black light, or UV LED (1.7 W: Seoul Optodevice Co., Ltd. or 

1.5 W: YMC Co., Ltd.). 1H NMR spectra were recorded with 
a JEOL JMN ECP-500 (500 MHz) spectrometer in CDCl3. 
Chemical shifts are reported in parts per million (d) downfield 
from internal TMS at 0.00. 13C NMR spectra were recorded 
with a JEOL JMN ECP-500 (125 MHz) or a JEOL JMN ECS-
400 (100 MHz) spectrometer and referenced to the solvent peak 
at 77.00 ppm. Infrared spectra were obtained on a JASCO FT/
IR 4100 spectrometer; absorptions are reported in recipro-
cal centimeters. Both conventional and high-resolution mass 
spectra were recorded with a JEOL MS700 spectrometer. 
GC analysis was performed with a Shimadzu GC-18A and 
GC-2014 gas chromatograph equipped with a flame ionization 
detector and a fused capillary column (J & W DB-1). Both con-
ventional and high-resolution mass spectra were recorded with 
the JEOL MS700 spectrometer. Emitted spectra were recorded 
by Hamamatsu photonics PMA-11.

Typical procedure for [2 + 2] photocycloaddition of cyclohex-
enone with vinyl acetate in a microflow system (Table 1, entry 5). 
A mixture of cyclohexen-2-one (1a) (197 mg, 2.05 mmol), vinyl 
acetate (2a) (5 mL, 54 mmol), and n-decane (97.4 mg) as an 
internal standard was loaded in a syringe. The syringe was con-
nected to an inlet of the microreactor (1000 mm width, 300 mm 
depth, and 2.35 m length). The substrates were introduced into 
microreactor by a syringe pump at the rate of 0.35 mL/h (resi-
dence time: 2 h) and irradiated by a 15-W black light. The mix-
ture of the product was collected from the outlet. The reaction 
mixture (ca. 0.7 mL) from the first 2 h of operation was dis-
carded and the subsequent portion was collected for 3 h. Yield 

Figure 5. YMC photomicroreactor system, KeyChem-Lumino (type C) with UV-LED, and the emitted spectrum

Figure 4. UV LED and the emitted spectrum

Scheme 1. [2 + 2] Photocycloaddition of 1a with 2a using DNS 
photomicroreactor (type B) and KeyChem-Lumino (type C) under 
irradiation from UV LED
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The Pauson-Khand reaction (cycloaddition promoted by cobalt and an alquine with 
insertion of a molecule of carbon monoxide to render cyclopentenone), has also been 
performed in a photochemical microreactor with very good results, as the light 
completely activate the cobalt-alquine complexes, which allowed the reaction to be 
performed at room temperature.36  
 
In-line monitorization of photochemical reactions 
 
As we mentioned previously in this memory, the miniaturization of reactions, in the 
form of microreactors, also enables the hyphenation of different techniques. There 
are just a few examples of monitorization techniques hyphenated with photo 
microfluidics reactions. One of the few corresponds to Jensen et al.37 (Figure 4.7.) 
for the monitorization of carbon-carbon formation between carbonyl groups by UV 
spectroscopy. 

 
Figure 4.7. (left) Design of the integrated reaction–detection unit. (centre & right) Photographs of the 

integrated reactor packaged with chuck, fluid connections, and UV fibre optics. 

The phototautomerization process of o-nitrobenzaldehide has been used in a variety 
of applications, among which we could point to the monitorization of the diffusion 
coefficient or the monitorization via UV-visible spectroscopy or pH change.38 
 
In-situ monitorization of photochemical reactions 
 
One of the most interesting applications in the photochemistry field is the in-situ 
detection of light-induced transformations via NMR spectroscopy. There is a wide 
variety of photochemical examples that have been reproduced inside a NMR probe, 
making use of the photo-CIDNP experiments (Chemically Induced Dynamic Nuclear 
Polarization),39 such as the liberation of metal ions through photo labile compounds, 
studies of kinetics in photochemistry, or the use of photoactive proteins.40 The 
setups shown in literature to carry out photo-CIDNP deals with the illumination of 
the volume contained in a conventional NMR tube with a laser light source. Hore et 
al.41 have studied the photolysis of proteins samples with a hyphenated laser at 325 
nm as the irradiation source. Jones et al.42 also described the use of NMR coupled 
with laser irradiation to study the azo photoisomerization of azo-benzoics 
compounds. This technique enabled to register for the first time the spectra of some 
short-lived cis-isomers of these dyes. There are also some contributions based on 
other alternatives in the irradiation of the NMR tubes. 
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During the development of the PhD work of Dr Ruiz del Valle,43 our research group 
have also developed an in-situ monitorization system, where the reaction and the 
detection were performed on the same volume of sample. For such purposes, a fibre 
optic was integrated into a customised NMR probe (the NMR probe is similar to the 
one we used for Chapter 2, but with the modifications to work under photochemical 
conditions), which allowed them to introduce the light into the detection volume 
(volume under the NMR-microcoil). The light source was placed outside the NMR 
magnet, and depending on the desired process to study it could be UV-LEDs or a 
UV-laser diode. Its allocation from the source to the active NMR volume is achieved 
via an optic fibre; this optic solid-state fibre consists on a 5 mm diameter and 2 
meters in length, which could be adapted through an aluminium piece to place it in 
the optimal position (Figure 4.8.). 

 
Figure 4.8. Customized NMR probe to work with RF-microcoils and an optic fibre to transmit the UV-

light irradiation. Individual components (left) and final NMR assembled system (right). 

The angle of the adapter was fixed so that the fibre optic was placed at a 60º angle, 
which allow irradiating the desired detection zone, right underneath the microcoil. 
(Figure 4.9.) 

 
Figure 4.9. Simplification of the B3 microchip showed in Chapter 2.2.1 to show where the irradiation 

takes place. 

Nevertheless, during the development of the system, our group also realised that the 
quality and quantity of the irradiation through fibre optic was not optimal. This is 
due to the fact that around 80-96% of the light coming from the LEDs gets loss on 
their way to the detection volume. As a solution for this problem, the system got 
upgraded to use a laser diode as light source; the laser diode is a similar system to 
those used for the LEDs but it delivers a bigger output of illumination power, is 
more focused, and the light is almost monochromatic (approx. 5nm deviation). The 
only disadvantage of the laser diode is that it requires a more complex electronic 
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circuit that those of the LEDs to avoid electronic fracture. The chosen laser diode, 
DL5146101S – Thorlabs – 45 mW at 405nm, was connected with a hand-made 
circuit, which was constructed in collaboration with Francisco Jiménez, a PhD 
student at the Microsistemas, Actuadores y Sensores research group from the 
Department of electronic of the Engineering School of UCLM University. The 
system was calibrated to focalise the irradiated spot into the fibre optic. (Figure 
4.10.) 

 
Figure 4.10. Overview of the 405nm UV-light laser DIODE (left); PCB and alignment piece to insert the 

UV light in the fibre optic. 

 
Computational calculation of Oxazolones & Cyclobutanes 
 
Previously, we have exposed the computational work developed during this thesis 
and what others have done on the description of thermally controlled reactions, 
specially those performed under microwave irradiation, showing what a prominent 
tool the computational chemistry has evolved to be. However, in this case, we are 
focused on a photochemical process, which includes an additional difficulty in the 
determination and/or full mechanistic analysis.  
 
Although the computational study of the [2+2] reaction is quite extensive,44 we shall 
only mention a representative example for the complexity of the problem. The 
example is from Houk et al.45 for the study of both the ground- and excited-state 
surfaces for the [2+2]-photocycloaddition of α,β-enones to alkenes. In this work, the 
authors found that the stereochemistry of the photocycloaddition is controlled by 
both the triplet- and ground-state surface topologies of the biradical species 
involved, however they suggest that in more constrained systems, the mechanism 
could proceed by some other way. However, it is worth mentioned the vast 
discussion performed on the excited states energy surfaces of the case study (the 
simplest possible structures, ethylene and acrolein) and the description of all the 
possible conformational structures. In addition, for this type of mechanism, it is 
necessary computational methods of high complexity, which are only feasible to use 
for small systems. 
 
Oxazolones and its cyclobutanes derivatives have also been the subject of study 
from the computational point of view. Much of it has been devoted to describe the 
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conventional chemistry of oxazolones, and as such, the scope of all the studies is 
always the same, the study of the reactivity (or role) played by the oxazolones in 
different type of reactions. Some of the most recent included that of Jørgensen et 
al.,17b where they computed the transition-state structures at DFT level that 
account for both the diastereo- and enantioselectivity observed for the addition of 
oxazolones to the α,β-unsaturated aldehydes, or that of Cossío et al.46 where they 
could predict the stereochemical outcome of the 1,3-dipolar cycloaddition of 
oxazolones with alkenes catalysed with chiral binap–gold (I) complexes. 
Urriolabeitia et al.20b have also make use of computational tools to confirmed the 
proposed mechanism for the orthopalladation reaction on oxazolones. The 
photophysics of oxazolones has also been explored both computationally and 
experimentally. Sampedro et al.47 focused on the study by CASSF calculation and 
UV spectra monitorization on the Z/E isomerization process of oxazolones, while 
Ozcelik et al.48 have studied the electron transfer with a wide range of electron 
donating and accepting substituents. 
 
Cyclobutanes are also a very interesting type of substrate to study computationally 
speaking. In a closely related substrates, Avenzoar et al.49 performed an extensive 
conformational study of different 2-substituted cyclobutane-α-amino acids, and 
revealed that the equatorial substituent at the C2 position in the cyclobutane ring 
modulated the preference of the ring-puckering conformation. Moreover, in term of 
energy analysis of highly constrained cyclobutanes, Magers et al.50 found that 
normal computational calculation underestimated the strain energy, and single point 
calculations were needed to correct the strain energy for molecules with significant 
non-bonded interactions. 
 
The use of DFT-based chemical shift calculations to assign the structure and 
stereochemistry of natural products has grown in use in recent years, particularly 
since the high profile reassignement of the structure of hexacyclinol by Rychnovsky 
in 2006. Specifically related to cyclobutanes, Stojanovic et al.51 have also tried to 
rationalise the $peculiar 1H NMR chemical shifts of cyclopropane (δ 0.22) and $ 
cyclobutane (δ 1.98), which are shifted upfield and downfield with $ respect to larger 
cycloalkanes (δ 1.44−1.54). 
 
On that same note, the study of a [2+2] photocycloaddition of trans-cinnamic acids 
was studied by 13C CPMAS solid-state NMR spectroscopy.52 These substrates 
renders systems closely related to the products obtained by the (Z)-2-aryl-4-
aryliden-5(4H)-oxazolones derivatives. In this work, DFT level calculations were 
used to determine the chemical shifts and chemical shift anisotropy tensors, which 
were found in good agreement with the experimental data. Only the combination of 
these two techniques enabled the complete identification and characterization of the 
two photoactive trans-cinnamic acid polymorphs, α- and β-cinnamic acid, as well as 
their photoproducts, α-truxilic and β-truxinic acids. 
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This latter example, exemplified how the use of the calculation of proton 1H and 
carbon 13C chemical shifts, as shown from works by Tantillo et al. 53 and Alkorta et 
al.,54 has become a useful tool for organic chemists to probe the structures of 
unknown natural (or synthetic) products by comparing the predicted spectra of 
candidate structures against an experimental spectrum. 
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4.2 [2+2] Photo-Cycloaddition of Oxazolones.  
Results and discussion 

 
The development of this chapter has been carried out in collaboration with Dr 
Urriolabeitia group of Activación de enlaces por complejos metálicos, from Zaragoza 
University. The fact that previous collaborations showed the interesting results 
obtained for the orthopalladated (Z)-2-aryl-4-aryliden-5(4H)-oxazolones (Scheme 
4.4.) when working on continuous flow mode, made us wonder if it could be possible 
to expand the study on the photochemical behaviour of the oxazolone moiety. 
However we realised that, although the combination of flow chemistry, activation 
methods and the monitorization system (shown in Chapter 2), was a great asset 
towards the completion of the study of the behaviour of oxazolones in the [2+2] 
reaction, we would also need to make use of computational studies to discern the 
multiple obtained isomers. 
 

Description of the system 
 
For the most part, the UV-LED system has been hyphenated with the Labtrix 
Start-NMR setup developed in our research group. The introduced modifications 
were intended to improve the scope of these photochemical reactions by coupling the 
ChemTrix microreactor with a system of UV-LEDs, and hyphenated it to the NMR-
Microfluidic system described in chapter 2.2.1. (Scheme 4.7. & Figure 4.11.). We 
also make use of the in-situ monitorization technique, which had also been 
developed in our group (see previous section). 

 
Scheme 4.7. Schematics of the photo-NMR hyphenated setup (in-line, left and in-situ, right). The 

reaction zone for the in-line setup is connected to the NMR microfluidic system as described in Ch.2. 

 
Figure 4.11. Pumps, LED box & probe in the same picture (left), close up of the LED box showing the 
microreactor (centre), Representation of the major components of the Labtrix Start-NMR hyphenated 

setup (right). 
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As we mentioned, in the previous collaboration project with Urriolabeitia et al. the 
substrates of the study were the ortopalladated oxazolones, and although the 
reaction were successfully optimised on flow conditions reducing dramatically the 
reaction times, the low solubility of these substrates made them unfit to be 
observable under the NMR microfluidic techniques available in our group; which as 
we have seen, enables the user to extract kinetic data from a chemical reaction in 
very short times.  
 
For the development of this work, we continued the collaboration and expanded the 
study to the non-palladated substrates, which allow us to use the in-line and in-situ 
detection setups due to their higher solubility. More concretely, the oxazolones 
substrates we will be discussing are collected in the Figure 4.12.  

 
Figure 4.12. Collected oxazolone structures used as starting material for the [2+2] photocycloaddition 

reaction. 

Rationalization of the mechanism for the oxazolone [2+2] photocycloaddition 
reaction 

 
As mentioned before, the handling of a photochemical mechanism is very different 
to thermal mechanisms. Photochemical reactions are activated by light, and as such, 
the species involved in the development of the reaction are typically excited states 
(triplet state, biradical etc.…), which can be very different in nature, making the 
determination of the mechanism more complex. To undertake this problem, we 
decided to study the results of the reactions as systematically as possible.  
 
One of the first steps was the determination of the UV-spectra for the starting 
materials. (Figure 4.13.) The UV-spectra were performed in THF and CDCl3, 
showing no solvent effects. The spectra are in concordance to those similar 
oxazolones obtained by Sampedro et al.,47a, 47c showing the maximum adsorption 
peak around the 360-400 nm range, depending on the phenolic ring substitution; a 
comparison of the UV spectra for the basic oxazolone (a, black), shows a clear 
displacement (up to 50 nm red shift or bathochromic effect) of the maximum 
adsorption peak to lower frequency with electron-rich substituent like the methoxy 
substituent (B: 4-OMe, C: 2-OMe, I: 3,4-OMe). 
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Figure 4.13. UV - absorption spectra in THF for the compounds collected in Figure 4.12. 

In that respect, when we performed the reactions at 365-405 nm wavelengths, the 
only resulting product were those of the Z/E oxazolone isomerization process, which 
is in accordance with previous works.47a, 47c Unexpectantly, the [2+2] reaction for the 
oxazolones substrates proceeds at the 405-465 nm range depending on the 
substituent, but the UV-spectra showed no adsorption peak at that range. Further 
study has showed that the emission spectra shows bands around the 400-465 nm 
range depending on the substitution. (Figure 4.14.) 

 
Figure 4.14. UV - emission spectra in THF for the compounds collected in Figure 4.12. 

Experimentally, we decided to study these reactions at two wavelengths, 405 and 
465 nm, since those regions seem to show the more different activity for the state 
responsible for the emission spectra. Regarding the discussion on the [2+2] 
mechanism, the scientific literature and our experimental data seem to agree that 
the Z/E oxazolone isomerization process and the formation of the cycloadduct can 
both be explained through a biradical or diionic mechanism. We would present our 
findings here, although these processes are still under study in our research group. 
As we previously mentioned, the cis-trans isomerization process can be discussed to 
occur under biradical conditions.30 As it has also been stated by some23, this triplet 
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state could also be responsible for the isomerization process, and the cycloaddition 
process involving another molecule, which could be either in an excited state or at a 
ground state. This former situation is incidentally one of the possible mechanisms 
for the [2+2] photocycloaddition.  
 
For the explanation on the loss on the stereoselectivity, we would only consider that 
a [2+2] biradical or diionic mechanisms are possible, and therefore, as triplet states 
are involved, like in a photosensitization processes,27a this would also have to follow 
the Wigner spin-conversion rule.27a, 55 This rule states that no bond would evolve 
from the combination of two electrons with the same spin. At this point, following 
the biradical mechanism, it is reasonable to assume that an intermediate evolves 
before the formation of the second bond, or ring-closing step. Then, since we are 
irradiating at its emission wavelength, we could observed an enhancement of its 
lifetime (as it has been observed for others forms of irradiations)56 before evolving to 
a state (Wigner spin-conversion rule states that one spin has to relax) to produce 
the coupling. This fact would explain the reason why the cycloaddition occurs at a 
wavelength different to its absortion. 
 
Moreover, we have performed some experiments to confirm the possibility of this 
biradical mechanism by trapping the related species. The choice of the trapping 
substrate normally depends on the species involved, although in the literature 
thioles and stannates have been recorded as standard agents and H2Se as the more 
successful one.32b, 57 We have performed the photochemical reactions at the optimal 
conditions for one of the substrates (b 4-OMe), with the addition of equimolecular 
quantities of 2-hydroxi-benzothiole, seeing a drop in the conversion for the thiole 
sample, from 80% with no additives, to around 30% with its addition. Foremost, the 
sample gets a reddish aspect, which we relate to some redox process involving the 
thiole substrate (Figure 4.15.). 

 

Figure 4.15. Result for a normal reaction with no additives (left), or a reaction with SH additives (right). 

On the other hand, we could not disregard the diionic mechanism, which could 
potentially render a similar situation as the biradical one, with the exception that 
this mechanism would be sensitive to changes in the polarity of the medium. We 
have performed the reaction in different solvents, and we have seen small 
differences. For example, in the case of oxazolone B, the reaction was performed in a 
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NMR tube and measure the residual starting material after 6 h of reaction time 
(toluene (34%), dichloromethane (9%), acetone (15%), acetonitrile (7%) and 
dimethylsulfoxide (17%)). The results showed that although the differences in 
polarity of each solvent is considerable,58 the pattern does not reflect a linear 
tendency with it. 
 
To conclude the discussion on the mechanism, it is worth noting that although our 
experience in elucidation of photochemical mechanism is limited, both the biradical 
and the dioonic mechanisms would explain why the main process can shift from 
being the isomerization or cycloaddition depending on the wavelengths and for 
different substrates (as shown below). Although the results with the biradical 
trapping seems to agree with both the literature59 and our experience, we can not 
exclude that depending on the substitution some of our substrates can behave in a 
more diionic mechanism, which also predicts and explains the nonstereospecificity of 
the products being a mixture of the Z-Z, Z-E adducts.  
 
On another hand, the experimental results of the photochemically initiated reactions 
are difficult to be interpreted computationally speaking, due to the involvement of 
one or more excited-state surfaces. That said, the study of the whole mechanism 
through the CASSF-DFT methods of the molecules at hand is out of our reach, 
mostly because of the computational cost, but also because our limited 
understanding of the photochemical mechanism which takes place in this reaction. 
Therefore, we restrained ourselves to the study of the reactants and the products 
(avoiding the reaction profile), with the hope to unveil as much information as 
possible without having to resort to more advanced photo-computational description 
of the system. 
 
In this sense, we computed all the possible cycloadducts in order to determinate 
their stabilities and we also computed the theoretical chemical shifts of all the 
isomers of the products via the GIAO-NMR method, in an attempt to follow the 
kinetics of the reaction considering the relative energy values among isomers. 
 

Analysis of stereoisomeric products 
 
Due to the importance of the role of the oxazolone heterocycle on the synthesis of 
the previously mentioned truxilic derivatives, and following the collaboration from 
Urriolabeitia et al. with the ortopalladated substrates, we focused our attention to 
the study of the [2+2] reaction of the (Z)-2-aryl-4-aryliden-5(4H)-oxazolones. 
However, contrary to the case of the ortopalladated oxazolones, where the palladium 
“bridged” two oxazolones in a concerted manner providing a single reaction 
product,19 with the “bare” oxazolones (as with unsymmetrical dienes), it is previsible 
to obtain a number of regio- and stereoisomeric cyclobutanes, observing multiple 
isomers from the head-to-head and head-to-tail coupling (each of which with both 
syn and anti stereoisomers). All these isomers if properly determined and isolated 
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could potentially lead to their 1,3-truxilic or 1,2-truxinics acids derivatives, which 
was interesting enough to study and discern which of the isomer are obtained under 
what conditions. 
 

Computational analysis 
 
As we mentioned, in a full computational study of the mechanism, we would have to 
consider the cis/trans isomerization process and assume that the cycloadduct can 
potentially be a combination of all the possible couplings from the E/Z isomers.60 
The combinations for the Z-E & E-E couplings were computed based on the Z-Z 
structures, changing the stereochemistry as needed, but maintaining the 
nomenclature from the previous cycloadducts, to facilitate the discussion. For all the 
possibilities of head-head, head-tail and Z/E isomers that could make the 
photocycloadducts, we remain with 15 different structures, 6 of which correspond to 
enantiomer pairs. (Figure 4.16.)  

 

Figure 4.16. All possible head-to-head and head-to-tail cyclobutane isomers, each of which accompanies 
both syn and anti stereoisomers for all the possible couplings. 

In the table below (Table 4.1.) we collect the analysis for the obtained DFT 
stability energies of the resulting cycloadducts for oxazolone A and B. The energies 
were normalised to the lowest energy cycloadduct, which in most cases corresponds 
to the 1,3-HT-anti from the Z-Z coupling. All the structures were computed by 
DFT using M06-2X/6-31G(d) and MP2/6-311+G (d,p)//M06-2X/6-31G(d) theory 
level. To taken in account the solvent effect, we performed the optimization 
calculation employing the polarizable continuum model (PCM)61 (see experimental 
part for more information). 
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It is also worth mentioning that the decision to use Truhlar functionals62 (M06-2X 
in this case) doesn’t only relay on theirs accurate energy descriptions or fashion 
purposes. Based on previous calculation on B3LYP,63 we noticed that some of the 
structures did not adopt the puckered conformation where the eclipsing interactions 
were minimised. Moreover, as we have already mentioned earlier, the conventional 
method to determine the strain energy has been showed to be more dependent on 
the use of electron correlation methods rather than basis sets effects, so we decided 
to use the optimised geometries with smaller basis sets to perform single-point 
calculations with higher levels of theory. While M06-2x and B3LYP (B3LYP results 
non presented) both underestimate the strain energy, MP2 has shown to agree very 
reasonably the experiments in most cases.50 

Table 4.1. Collected DFT energies for all the isomers shown in Figure 4.16. for oxazolone A & B. 
    A B 

Entry 
Stereo-
chemistr

y 

Structure  
(Experimental ratio) 

ΔE 
(ZPE) 

[M06-2x/6-
31G(d)] 

ΔE (SP) 
[MP2/6-

311+G(d,p)] 

ΔE 
(ZPE) 

[M06-2x/6-
31G(d)] 

ΔE (SP) 
[MP2/6-

311+G(d,p)] 

1 

Z-Z 

 1,2-HH syn 5.46 5.32 5.88 5.68 
2 

(2º) 
1,2-HH-anti (SS-RR) 1.67 2.29 2.95 2.76 

3 1,2-HH-anti (RR-SS) 1.67 2.29 2.68 2.66 
4  1,3-HT-syn 3.07 5.76 3.94 6.20 
5 (1º) 1,3-HT-anti 0.00 0.00 0.00 0.00 
6 

Z-E 

 1,2-HH syn 0.80 1.74 1.95 2.49 
7 

 
1,2-HH-anti (SS-RR) 8.13 8.82 8.72 9.65 

8 1,2-HH-anti (RR-SS) 8.21 9.12 8.72 9.65 
9 (3º) 1,3-HT-syn 1.60 2.57 1.61 2.87 
10 (4º) 1,3-HT-anti 4.15 6.21 4.23 6.81 
11 

E-E 

 1,2-HH syn 9.09 11.55 9.8 12.00 
12  1,2-HH-anti (SS-RR) 6.28 9.00 6.95 9.61 
13  1,2-HH-anti (RR-SS) 6.27 9.00 6.82 9.92 
14  1,3-HT-syn 6.48 9.36 4.10 6.36 
15  1,3-HT-anti 3.07 5.76 6.45 9.66 

The experimental ratio is refered to the observed appearance of the isomer in the NMR spectrum 

One of ours first conclusions is that in terms of energy, the type of substitution on 
the phenolic ring on the oxazolone is negligible (Table 4.1., column 5 vs column 7 & 
column 6 vs column 8); although, there would be a case (oxazolone C, 2-OMe, we 
would discuss more thoroughly later) in which, the nature of the cycloadduct 
changes the behaviour. Also, in term of the stability, we can distinguish two 
different groups of isomers, one group (five of them in red, Table 4.1.) which has a 
difference of energy below 3 Kcal mol-1 (relative to the energy of the most stable 
cycloadduct) and the rest of the isomers, which over exceeds the relative energy 
with a range from 5 Kcal mol-1 to 12 Kcal mol-1. Computationally speaking then, we 
could predict that we should have at least 6 diastereoisomers as the products. 
 
Therefore, table 4.1 suggest the major isomer as the 1,3-HT-anti-ZZ, which has been 
confirmed with the experimentally isolated X-ray structures for different substrates. 
So, this fact suggested that we could be able to predict computationally the stability 
and the rate of the different cycloadducts (Figure 4.17.)  
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Figure 4.17. Pictured X-ray and optimizated DFT structure for the mayor isomers of B (DFT, left, X-

Ray, right) corresponding to the 1,3-HT-anti-ZZ isomer. 

However, our calculation didn’t help us to completely elucidate the distribution of 
the experimental obtained isomers because of the similar energy values; with the 
computational energy, we could only state that we should observed by NMR, at 
least, six diasteroisomers (five distinct isomers and one enantiomeric pair) but we 
can not assert which of the isomers would come after the major one (that is in part 
due to the fact that we didn’t calculate the whole reaction coordinate, as we 
mentioned before). However, this information can be combined with the NMR 
experimental data, which also helped us to determine the observed distribution. 
 
In order to determine if we could elucidate computationally what isomers we have 
experimentally, we also computed the theoretical chemical shifts of the candidate 
structures, via the GIAO-NMR method.54 However, we found that the chemical shift 
differences among the different isomers were smaller (up to 0.4-0.5 ppm) than the 
accuracy of the chemical shift calculations. We also calculated the 13C chemical 
shifts, but these values were again not different enough (1-2 ppm) to distinguish 
them experimentally. In such cases, the solution normally is to use experimental 
data with greater variations between the structures. In this, we also found that 
having molecules with rigid and cyclic structures, different conformations may 
contribute equally to the observed chemical shifts,64 which makes it more difficult to 
elucidate the mixture of structures with exact certainty.  
 

NMR elucidation discussion 
 
As we have previously mentioned, the reaction was predicted to show non-
stereospecificity and the products obtained could potentially be a mixture of the Z-
Z, Z-E & E-E adducts (Figure 4.16.), however, we haven’t mentioned how many 
products we obtained experimentally. For such purposes, we shall study the case of 
oxazolone B (the rest of oxazolone derivatives show the same experimental & 
computational behaviour). In the spectrum shown below, we have depicted the 
spectral region for the -CH signals (4.5-5 ppm) (Figure 4.18., left), which we have 
assigned to correspond to the 5 expected isomers. In this case, each number is 
related with the different isomer abundance. For the 4th isomer, there are two non-
equivalent protons, which we were able to identify because of the NOE signal 
between them. 1H13C-HMBC (Figure 4.18. right) and the rest of 1D and 2D NMR 
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experiments were used to confirm that those CH signals (4.5-5 ppm) corresponded in 
fact to the different cyclobutane isomers. At this point, the question is to match 
every peak to its corresponding stereo- and regiochemistry. 

 

 
Figure 4.18. 1D-NMR (left) & 2D-HMBC experiment (right) for a sample reaction mixture of oxazolone 
B after irradiation at 465 nm in a 5mm NMR tube. The pattern shown is reproduced for the rest of the 

oxazolone derivatives. 

To reach that aim, we focused on the pattern shown in the HMBC spectrum Figure 
4.18. From this type of experiment on all the different oxazolone derivatives, we 
could distinguish that for the first and second major isomers, according to the 
relative intensities on the 1H-NMR spectrum, we have 1 CHcyclo, 1 (Ccyclo) and 1 CO 
correlations, for the third isomer 1 CHcyclo, 2 Ccyclo and 2 CO correlations and for 
the fourth isomer, we have 2 CH, 1 Ccyclo and 1 CO correlations for both non-
equivalent proton as shown in Figure 4.18. (CHcyclo: 58.4 ppm, 55.2 ppm, 73.2 ppm, 
175.8 ppm). After careful examination of the 15 possible structures, we realise that 
the pattern for the –CHcyclo, -Ccyclo and the –CO signals would vary, which lead us 
to represent all the possibilities (Figure 4.19.). 

 
Figure 4.19. Overview of the expected –CHcyclo, -Ccyclo and –CO signals for all the possible structures.  

Ha and Hb corresponds to non-enquivalent protons in some of the isomeric structures. 

Z-Z coupling Z-E coupling

E-E coupling

1,2-H,H-syn = 1CH, 1Ccyclo, 1CO
1,2-H-H-anti (SSRR) = 1CH, 1Ccyclo, 1CO
1,2-H-H-anti (RRSS) = 1CH, 1Ccyclo, 1CO

1,3-H,T-syn = 1CH, 1Ccyclo, 1CO
1,3-H,T-anti = 1CH, 1Ccyclo, 1CO

1,2-H,H-syn = 2CH, 2Ccyclo, 2CO
1,2-H-H-anti (SSRR) = 2CH, 2Ccyclo, 2CO
1,2-H-H-anti (RRSS) = 2CH, 2Ccyclo, 2CO

1,3-H,T-syn = 1CH, 2Ccyclo, 2CO
1,3-H,T-anti = 1CHa, (1CHb), 1Ccyclo, 1CO

1,2-H,H-syn = 1CH, 1Ccyclo, 1CO
1,2-H-H-anti (SSRR) = 1CH, 1Ccyclo, 1CO
1,2-H-H-anti (RRSS) = 1CH, 1Ccyclo, 1CO

1,3-H,T-syn = 1CHa, (1CHb), 2Ccyclo, 2CO
1,3-H,T-anti = 1CH, 1Ccyclo, 1CO
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With all the different possibilities, we can formally discard some of the isomers, 
those that won’t present the correlation signals that that we expected from the 
1H13C-HMBC experiments (view Figure 4.18. & 4.19.). For example, the third and 
the fourth isomer can be unequivocally assigned to be the 1,3-HT-syn and 1,3-HT-
anti of the Z-E coupling respectively based on the fact of observing the expected 
CH, Cq and CO pattern in 2D-HMBC-NMR. A detailed study on the HMBC’s 
spectral area of the, Ccyclo and CO signals showed that, in the case of the fourth 
isomer, both signals correspond to the same chemical shift (73.6 & 175.7 ppm, 
Figure 4.18. red signals), while there are two different correlations for the CHcyclo 
(55.8 ppm & 59.4 ppm), these signals can be explained because of the non-
equivalence of the CHcyclo atoms, as it also happens for the inequivalence of the 
proton signals. This fact also is in correspondence with the computational 
calculation, since the third isomer, 1,3-HT-syn-Z-E has a lower stability energy that 
the predicted fourth isomer, 1,3-HT-anti-Z-E (2.87 vs 6.81 Kcal mol-1, Table 4.1. 
entry 9 & 10). Regarding the identification of the first and the second isomers, the 
computational data is again needed to assist the NMR data as such. Just 
considering the NMR data, these isomers cannot be ruled out to come from some of 
the structures of the Z-Z or E-E couplings, since the correlation pattern of their 
HMBC experiments for both isomers is the same and could match any of the Z-Z or 
E-E structures. To solve this situation, we can combine previously discussed 
computational and X-Ray results. In term of energy, we can safely assume that the 
isomer would correspond to the Z-Z coupling, since the energies obtained for the E-
E couplings are comparatively larger (ranging from 1 to 6 Kcal mol-1 higher for the 
E-E than the Z-Z couplings). The major isomer was already unequivocally assigned 
as the 1,3-HT-anti-Z-Z, the second isomer in terms of energy within the Z-Z 
coupling (since the rest of combinations with the appropriate HMBC pattern (Z-E; 
E-E) show higher energy values) correspond to the enantiomeric pair (1,2-HH-anti-
(RRSS)/(SSRR)-Z-Z). So, for the rest of the text we shall refers to these 5 
diastereoisomers as the 4 experimental observed isomers, since we would not be able 
to distinguish by NMR between the enantiomeric pair, and if not stated otherwise, 
the assignment will remains the same for the rest of the substrates. 
 

Distribution analysis of diastereoisomers  
 
Up to this point, the discussion for the computational calculation, the NMR 
elucidation and the isomer distribution for oxazolone I has remained very similar for 
the rest of the studied oxazolones, so we planed to expand the study of this reaction 
with a different set of conditions, in order to determine the changes with time of the 
isomers distribution (kinetic study), or the reversibility behaviour of different 
substrates (as happened with the orthopalladates derivatives), if any. 
 
To achieve that goal, the in-line and in-situ setup mentioned before (page 236) will 
be used, since it has proved its versatility for the case of kinetic studies as shown in 
Chapter 2. In any case, the detection volume of the microfluidic NMR probe is the 



Part IV 

 246 

same, 25 nL.  For the in-line experiments, there is a delay time between the analysis 
of the reaction and the actual reaction. In other words, there are 20 μL dead volume 
between the photochemical setup and the NMR microcoils, which at the working 
flow rate, 0.67 μL/min, correspond to 30 min delay (Scheme 4.8.). However, 
regarding the in-situ experiment, the analysis is carried out in real time without any 
delay, since the detection and the reaction take place at the same point (see pages 
232 & 236) (Scheme 4.8.). It is worth noting that in an in-situ methodology, the 
reaction mixture is measured in stopped flow due to the characteristic design of the 
setup. Further modifications in the setup are required for the in-situ detection of 
photomicrofludic processes. 

 

Scheme 4.8. General scheme for a reaction monitored by our NMR system under in-line conditions (left), 
or in-situ conditions (right). 

We have chosen as model the photochemical reactions for oxazolones B, C, D and E 
at the wavelength we have previously discussed (405 vs 465 nm). The reactions were 
performed on flow conditions (in-line), and in-situ situations, but also in batch 
conditions in 5 mm NMR tubes to maximise the surface or area of the solutions. 
Moreover, the solubility of these substrates in the working solvent (THF) was 
acceptable and all the rendered adducts showed NMR signals, which could be 
followed for the monitoring process.  
 
The monitorization of in-line vs in-situ conditions is only possible because of the 
NMR-microfluidic system we have developed in our research group, and, as we 
mentioned, the comparative information from an in-situ or a time-elapsed detection 
will help to answer questions refer to reaction reversibility, isomers detection on the 
equilibrium, or kinetics study to the different observed isomers. This is based on the 
possibility of the reversibility of the reaction to reactants, which could compete 
effectively with the ring-closure reaction, a behaviour that was observed for the 
orthopalladated substrates in a high extension. This was also suggested by Weedon 
et al., who reported that not all the biradicals formed go on to form products, 
indicating that the ratio of HH:HT triplet biradicals is sometimes not reflected in 
the HH:HT ratio of the products formed subsequently.32b, 57, 65  
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Oxazolone B (4-OMe) 

 
Since we have already shown and explained both the computational and NMR 
results for the identification of the possible isomers, we shall now picture the 
structure for the majors isomers for oxazolone B. In the figure below, we have 
collected the optimised structures for the four major isomers, according with the 
assignment mentioned before based on the experimental & computational data 
(Figure 4.20. & 4.21.). 

 
Figure 4.20. 1,3-HT-anti & 1,2-HH-anti (RRSS) from Z-Z coupling. 1st & 2nd major isomers (respectively) 

  
Figure 4.21. 1,3-HT-sin (left) & 1,3-HT-anti (right) from Z-E coupling. 3rd & 4th major isomers 

(respectively) 

Results at 405 nm. NMR tube, in-situ and in-line conditions. 
 
At the very beginning of the experimental part, we have to decide a working 
timeframe to be followed for every substrate and conditions. In this term, we had to 
take into consideration what was the shorter experimental time for batch conditions 
(NMR tube) to actually observe some conversion, since we also wanted to explore 
the improvement of these reactions under reasonable flow conditions. Thus, it has 
resulted to be 30 minutes for all reactions and substrates. 
 
If we recall the previous discussion on the mechanism, the output for any 
photochemical reactions varied depending on the different wavelengths used in this 
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study (between 405 or 465 nm), The emission spectra of oxazolone B, shows an 
active region between 420-480 nm. And as such, when oxazolone B is irradiated at 
the 405 nm region, if our proposal to the mechanism is correct, we should not expect 
product of the cycloaddition, which is in fact what can be extracted from the results 
we obtained. The results in Table 4.2. shows that the mayor process at hand is the 
isomerization Z/E process.  

Table 4.2. Conversion rate for Oxazolone B under 405 nm irradiation and different experimental 
conditions. 

Time 
(min) 

Conv. (%) 
Iso. Z/E 

NMR Tube  

Conv. (%) 
Cyclo. 

NMR Tube 

Conv. (%) 
Iso. Z/E 
In-line 

Conv. (%) 
Cyclo. 
In-line 

Conv. (%) 
Iso. Z/E 
In-situ 

Conv. (%) 
Cyclo. 
In-situ 

 30  0 0 53 12 42 5 

For both the in-situ and in-line conditions, the isomerization is the main process in 
development at this wavelength. However, under these results, we perceived the hint 
that the flow would be quite a determinant improvement in this type of reactions, 
even if the wavelength were not optimal.  
 
Moreover and as we mentioned, we also wanted to see if we could observe any 
difference when the reactions are performed in-situ and in-line. Based on the results 
of Weedon et al., the ratio of HH:HT triplet biradicals doesn’t have to be reflected 
in the HH:HT ratio of the products, since some of the excited states could also lead 
to the Z-E isomerization process, which we observed experimentally. However, the 
conditions at 405 nm are not optimal for this determination, since the cycloaddition 
reaction is barely taking place. This study would be only possible in those conditions 
when the cycloaddition reaction take place at a reasonable conversion. 

 
Results at 465 nm. NMR tube, in-situ and in-line conditions. 

 
As we mentioned before, oxazolone B, is expected to undergo the [2+2] photo-
cycloaddition at wavelength around 450-465 nm considering its emission spectrum. 
In the table below (Table 4.3.), we can find the results for the batch conditions 
(NMR tube) versus the results of the performed reaction in the hyphenated 
microreactor-NMR microcoils in an in-line mode at 465 nm. 

Table 4.3. Conversion rate for Oxazolone B under 465 nm irradiation and different experimental 
conditions. 

Reaction time 
(min) 

Conv. (%) 
Cyclo. 

NMR Tube 

Conv. (%) 
Cyclo. 
In-line 

30 6 60 (LEDs 5mm) 
97 (LEDs 10mm) 

90 37 ---- 

180 31 ---- 
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These results confirmed what we have anticipated with previous experiments at the 
previous wavelength. Although the conditions for the NMR tube at the lowest 
reaction time (30 min) is not enough to have a good conversion for these substrates, 
the reactions works reasonable well on flow, not only in term of conversion, but on 
reaction time, reducing it from days to minutes. In order to enhance the reaction 
conversion even further, we set the system with a higher power LEDs source, (from 
1W (5mm) to 3W (10mm) of irradiation power). Under these conditions, the 
reaction was pushed to almost quantitative conversions, and although there is a 
clear acceleration of the reaction under flow conditions, the flow doesn’t affect the 
final distribution of the isomers (Figure 4.22.).  

 
Figure 4.22. (left) 1H-NMR experiments for the flow conditions after 30 min (NMR 7.5 nmoles) vs (right) 

3h Conventional NMR Tube (180000 nmoles). The difference in SNR is explained by the enourmous 
difference in the detected mole amount. The difference in sensitivity illustrates the good performance of 

microcoils for mass-limited samples.  

The in-line experiment allowed the continuous monitoring of the reaction progress 
within time, and as a result we obtained the stacked spectra in Figure 4.23., where 
we can observe the progress of the reaction, starting with the reagents and observing 
the appearance of the three forming isomers with different intensities (4.5, 4.6 and 
4.8 ppm). The fourth isomer is not observed in this figure for sensibility issues, since 
its conversion is very low, as revealed an analysis of a sample from this reaction by 
conventional NMR.   

 
Figure 4.23. Stacked spectra from the array experiments used to monitor oxazolone B at 465 nm. The 
symbol # corresponds to reagent peaks (6.9, 7.1, 7.5, 8.1 and 8.2 ppm). The symbol * corresponds to 

product peaks (4.5, 4.6, 4.8, 6.7, 7.7 and 8 ppm). 
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As it has been reported66 in Chapter 2, since the reaction volume is much larger 
than the NMR detection volume, we can essentially divide the reaction volume in a 
series of consecutive “active volumes or reactions capsules”, figuratively represented 
as separate NMR tubes in Figure 4.24.; in a in-line methodology they could be seen 
as separated portions that have been under different irradiation times from each 
other. These active volumes are then detected as they reach the NMR microcoil and 
a collection of spectrum is recorded as in Figure 4.23. This situation is quite 
different with the batch methodology, where these “active volumes” would be 
collected altogether and, thus our approach, the extraction of information with just 
one experiment and very swiftly, would be lost. 

 
Figure 4.24. Visualisation of the separated analysis of a microreactor volume in different “reactions 

capsules”, every one would represent an individual batch experiment in an NMR tube, illustrating the 
usefulness of our approach since all of them are analysed separately and within a single on-flow 

experiment. 

The following graph (Figure 4.25.) shows the formation of the different isomers with 
time during development of the reaction (isomers distribution) within a single on-
flow experiment These data have been obtained from Figure 4.23. It can be seen 
that in the very first moments, the distribution of all the isomers are very close, to 
evolve to very high conversions for the major isomer very rapidly, while the two 
minor isomers remained very similar in conversion. Also, as we have done before 
(Chapter 2.2.1), from the previous experiment we can extract the kinetical 
information for the major isomer from a single on-flow experiment (also considering 
a 2nd order reaction kinetics) (Figure 4.25., left). 

  
Figure 4.25. Representation of the conversion of each isomers vs irradiation/experiment time at 465nm 

(left) 1/[A] vs irradiation/experiment time. [A] represents the concentration of the major isomer(right); in 
both cases, each point corresponds to 2 μL of the volume reaction. 

Thus, the representation of 1/[A] vs the reaction time allows us to obtain the 
reaction rate constant for the formation of the first major isomer (K = 0.0217 M-1 s-

1). Normally, kinetics studies require multiple experiments (under steady states), 
resulting in very time-consuming processes. However, we have found that even if the 
system is working under non-standard steady states, the determination of the 



Oxazolones. [2+2] Photochemical formation of cyclobutane 
Results & Discussion 

 251 

kinetics data is possible with a reasonable level of accuracy (Chapter 2.2.1). This 
example illustrates again the versatility of our hyphenated setup, in this case with a 
different activation source, the light. 
 
Oxazolone C (2-OMe). 

 
As we previously mentioned, the computational calculation have predicted and 
assigned based on the experimental results the number of isomers we could expect. 
However, with oxazolone C, we encounter a system that doesn’t behave as the rest 
of the oxazolones substrates. The computational calculations predict that there 
would be an exchange in the stability order of the 1st and 2nd mayor isomer (Table 
4.4., Figure 4.26. & 4.27.).  

Table 4.4. Collected DFT energies for all the isomers shown in Figure 4.16. for oxazolone C. 
   C 

Stereochemistry Structure  
(experimental ratio) 

ΔE (ZPE)  
[M06-2x/6-31G(d)] 

ΔE (SP)  
[MP2/6-311+G(d,p)] 

Z-Z 

 1,2-HH syn 7.46 6.89 

(1º) 1,2-HH-anti (SS-RR)* -0.88 -0.26 
1,2-HH-anti (RR-SS)* -0.88 -0.26 

 1,3-HT-syn 4.69 7.70 
(2º) 1,3-HT-anti 0.00 0.00 

Z-E 

 1,2-HH syn* 0.72 2.35 
 1,2-HH-anti (SS-RR)* 7.34 7.96 
 1,2-HH-anti (RR-SS)* 7.34 7.96 

(3º) 1,3-HT-syn 0.84 1.83 
(4º) 1,3-HT-anti 6.48 8.60 

E-E 

 1,2-HH syn 8.82 10.74 
 1,2-HH-anti (SS-RR)* 0.15 2.75 
 1,2-HH-anti (RR-SS)* 0.14 2.75 
 1,3-HT-syn* 4.69 7.70 
 1,3-HT-anti 3.35 5.76 

* Structures with a Van der Waals interaction forming a chelate between the OMe and the oxazolone heterocycle. 

In this case, as we have done for oxazolone B, based on the NMR pattern and the 
computational energies observed, we can identify all the isomers. In term of the 
computational energies, the first expected isomer should be the enantiomeric pair, 
the 1,2-HH-anti (ZZ), contrary to the observed 1,3-HT-anti in oxazolone B. 
Moreover, if we compare the NMR pattern for both cases, oxazolone B & C, the 
presence of the methoxy group in the orto position downfields all the signals from 
the CH area (signals we use to distinguish among isomers) up to 0.3 ppm which 
difficult the assignment and could support that the pattern could be different from 
one substrate to the other. 
 

N
O

OO

C



Part IV 

 252 

Having analysed in detail each of the calculated structures (Figure 4.26. & 4.27.), a 
pattern to understand this different behaviour was observed: the methoxy group for 
these substrates are located not far for the heterocycle of the oxazolone moiety 
(around 2.5-2.7 Å), and from our experience, these distances are close enough not to 
be unaccounted for. The distances sit around the edge for a Van der Waals 
interaction forming a chelate for all the calculated structures and the fact that it 
produces a torsion on the phenyl group, may help to lower the energy strain on the 
differences structures. Comparing these quelated structures with the non-quelated, it 
is perfectly observed that quelated ones are in some cases up to 9-10 Kcal mol-1 
more stable. It could explain the difference in the distribution of isomers for 
oxazolone C compared to oxazolone B. However, since the calculated energy 
differences are so small, it is difficult to predict its behaviour in a dynamic regime 
where the chelate interaction might not happen. 

   
Figure 4.26. 1,2-HH-anti (RRSS) & 1,3-HT-anti from Z-Z coupling. 1st & 2nd major isomers 

(respectively). Quelated interaction shown in green arrow. 

In Figure 4.26. we observe the optimised structures for the 1st & 2nd isomer, the 1,2-
HH-anti (ZZ) and 1,3-HT-anti in oxazolone C, which as we mentioned changes from 
the case of oxazolone B. 

  

Figure 4.27. 1,3-HT-sin (left) & 1,3-HT-anti (right) from Z-E coupling. 3rd & 4th major isomers 
(respectively). Quelated interaction shown in green arrow. 

 
Results at 405 nm. NMR tube, in-situ and in-line conditions. 

 
Much to what happens for oxazolone B, can also be extrapolated to oxazolone C. 
The emission spectra for oxazolone B and C are very similar (Figure 4.14.) and its 
active region also sits between 420-480 nm. When oxazolone C is irradiated at the 
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405 nm region, as with B, the mayor process at hand is the isomerization Z/E 
process (Table 4.5). 

Table 4.5. Conversion rate for Oxazolone C under 405 nm irradiation and different experimental 
conditions. 

Time 
(min) 

Conv. (%) 
Iso. Z/E 

NMR Tube  

Conv. (%) 
Cyclo. 

NMR Tube 

Conv. (%) 
Iso. Z/E 
In-line 

Conv. (%) 
Cyclo. 
In-line 

Conv. (%) 
Iso. Z/E 
In-situ 

Conv. (%) 
Cyclo. 
In-situ 

 30 min 53 0 52 12 42 5 

The analysis of the data for oxazolone C is very much the same as for both the in-
situ and in-line conditions. The isomerization continues to be the main process in 
development at this wavelength at either condition. 
 
And again, as we mentioned, we couldn't observe any difference from the in-situ and 
in-line conditions, since the cycloaddition reaction is barely taking place.  
 

Results at 465 nm. NMR tube, in-situ and in-line conditions. 
 
As in the case of oxazolone B, oxazolone C undergoes the [2+2] photocycloaddition 
at wavelength around 450-465 nm. The results are collected in table 4.6 for the 
batch conditions performed on an NMR tube versus the results of the reaction 
performed in the microreactor hyphenated to the NMR in an in-line mode. 

Table 4.6. Conversion rate for Oxazolone C under 465 nm irradiation and different experimental 
conditions. 

Reaction time 
(min) 

Conv. (%) 
Cyclo. 

NMR Tube 

Conv. (%) 
Cyclo. 
In-line 

30 4 71 (LEDs 5mm) 
99 (LEDs 10mm) 

90 45 ---- 

These results also confirms that the conditions for the NMR tube for a reaction time 
of 30 min is not sufficient to have a good conversion for this substrate, while the 
reactions works reasonable well on flow, and we can also push to almost 
quantitative conversions with the higher power LEDs as the irradiation source. We 
can also perform the monitorization of the reaction obtaining stacked spectra very 
much similar to that obtained for oxazolone B. As it happened with the previous 
example, the acceleration of the flow conditions didn’t change the distribution of the 
isomers (Figure 4.28.). 
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Figure 4.28. 1HNMR spectrum in an 5mm NMR tube after 3h irradiation in THF-d8. 

The in-line monitorization of this reaction shows how the reaction develops with 
time, starting with the reagents and finally observing the appearing isomers (Figure 
4.29.). In this case, the appearance of the isomers in the stacked spectra is more 
difficult to observe due to concentration and sensitivity issues, although as in 
previous occasions, we sampled a fraction of this reaction and its analysis by 
conventional NMR revealed the presence of all the expected isomers. 

 
Figure 4.29. Stacked spectra from the array experiments corresponding to oxazolone C at 465 nm. The 

symbol # corresponds to reagent peaks (7.0, 7.5, 8.1 and 8.9 ppm). The symbol * corresponds to product 
peaks (4.8 and 6.9 ppm). 

The representation of the obtained data is collected in the graphs below (Figure 
4.30.), showing that we can still essentially divide the reaction volume into smaller 
volumes and analyse them continuously. This data could also be used to obtain the 
kinetical information for the mayor isomer (K=0.0047 M-1 s-1). The slight difference 
in the kinetic constant in comparison of oxazolone B (K=0.0217 M-1 s-1) may also be 
related to what we discussed in the assignment of the first and second major 
isomers, pointing the difference to the obtention of the enantiomeric pair as the first 
isomer, instead of the 1,3-HT-anti we obtained for oxazolone B. 

 

1 

 2 

 3  4 
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Figure 4.30. Representation of the conversion of each isomers vs irradiation time at 465nm (left), 

obtained kinetical data for the major isomer (right). In this case, the fourth isomer is not observable due 
to sensitivity and concentration issues with the sample.  

 
Oxazolone D (2-Me)  

 
Contrary to what has happened for oxazolone B and C, for oxazolone D, the region 
where emission spectra has the local maximum is located in the 400-420 nm, 
although there is also a emission peak around 460 nm (although less intense, Figure 
4.14.). Therefore, as we postulated for the previous oxazolones, we expect this 
substrate to work better with the 405 nm UV-LEDs. 

The computational results are collected in the table below as with the calculated 
isomers (Table 4.7., Figure 4.31. & 4.32.). In theses substrates we found that they 
could also be CH-π interaction between the methyl group and the oxazolone ring. 
We have calculated all the possibilities (isomers with and without CH-π 
interactions), collecting all the results on the experimental section and using the 
most stable structures for each case. This CH-π interaction has caused a similar 
situation as we encountered with oxazolone C, changing the prediction of the 1st and 
2nd isomer, as observed in Table 4.7. However, the enantiomeric pair and the major 
predicted isomer, 1,3-HT-anti, have very similar energies in the MP2 method, so it 
is difficult to computationally predict which is the first and second isomer. 
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Table 4.7. Collected DFT energies for all the isomers shown in Figure 4.16. for oxazolone D. 
   D 

Stereochemistry Structure  
(experimental ratio) 

ΔE (ZPE)  
[M06-2x/6-31G(d)] 

ΔE (ZPE)  
[MP2/6-311+G(d,p)] 

Z-Z 

 1,2-HH syn 4.55 3.13 

(1º) 1,2-HH-anti (SS-RR)* -0.20 -0.09 
1,2-HH-anti (RR-SS)* -0.19 -0.09 

 1,3-HT-syn 2.97 3.41 
(2º) 1,3-HT-anti 0.00 0.00 

Z-E 

 1,2-HH syn* -0.32 -0.34 
 1,2-HH-anti (SS-RR)* 7.04 6.28 
 1,2-HH-anti (RR-SS)* 7.04 6.28 

(3º) 1,3-HT-syn 0.90 1.37 
(4º) 1,3-HT-anti 4.41 6.08 

E-E 

 1,2-HH syn 6.88 10.59 
 1,2-HH-anti (SS-RR)* 5.86 5.16 
 1,2-HH-anti (RR-SS)* 5.86 5.16 
 1,3-HT-syn* 2.97 3.41 
 1,3-HT-anti 5.38 8.22 

*Structures with CH-π interaction  

In the figure below, we have collected the optimised structures for the same four 
isomers, which we have mentioned in previous discussions (Figure 4.31. & 4.32.). 

 
Figure 4.31. 1,3-HT-anti & 1,2-HH-anti (RRSS) from Z-Z coupling. 1st and 2nd isomer (respectively). 

    

Figure 4.32. 1,3-HT-sin (left) & 1,3-HT-anti (right) from Z-E coupling. 3rd & 4th major isomers 
(respectively) 

During the development of the writing of this manuscript, in our collaboration with 
Dr Urriolabeitia, it has been possible to isolate the second isomer for an X-ray 
crystal, corresponding to the 1,3-HT-syn-ZZ structure. This X-ray data does not 
correlate to the predicted second isomer by DFT (Figure 4.33.). Nevertheless, we 
still stand on the prediction of this model; under these circumstances, we delved 



Oxazolones. [2+2] Photochemical formation of cyclobutane 
Results & Discussion 

 257 

deeper into the structures and we suggest that the presence of the CH-pi interaction 
on this substrate, which does not affect all the structures in the same proportion (as 
shown by the annexed Table 4.16.), presumably plays a more important role into 
the obtention of certain isomers. However, this is still a work in progress and we are 
waiting for other X-ray structures on other oxazolone substrates to, hopefully, 
ascertain the validity of our developed methodology for this family of oxazolone 
derivatives. 

 
Figure 4.33. Depicted structure from X-ray SHELXL program (left), or DFT calculations (right) for the 

1,3-HT-syn derivative. 

 
Results at 405 nm. NMR tube, in-situ and in-line conditions. 

 
When oxazolone D is irradiated at the 405 nm region, contrary to what happened to 
substrates B & C, the process that we observed is the [2+2] photocycloaddition, and 
in this case, there is also a clear difference in the conversion obtained from the batch 
(NMR tube) vs the flow experiments. The results are collected in Table 4.8.  

Table 4.8. Conversion rate for Oxazolone D under 405 nm irradiation and different experimental 
conditions. 

Time 
(min) 

Conv. (%) 
Iso. Z/E 

NMR Tube  

Conv. (%) 
Cyclo. 

NMR Tube 

Conv. (%) 
Iso. Z/E 
In-line 

Conv. (%) 
Cyclo. 
In-line 

Conv. (%) 
Iso. Z/E 
In-situ 

Conv. (%) 
Cyclo. 
In-situ 

30 52 0 -- 63 -- 45 

As we predicted, considering its emission spectrum, this substrate does work better 
at lower wavelength that the previous oxazolone substrates. We can conclude that 
the flow conditions are of great improvement comparing the results for both the 
batch or in-situ conditions. However, it seems that the isomerization reaction is 
predominant in the NMR tube and the cycloaddition product is not observed under 
such low reaction times, revealing one of the advantages of flow regime, a 
modification in the reaction selectivity under these experimental conditions. 
Moreover, the in-situ conditions (stopped flow) works quite well because of the 
improvement of the surface/volume ratio in the microfluidic channel of the 
microchip, due to the smaller distances between the sample and the light source in 
contrast to an NMR tube. In this case, the change of methodology (flow vs batch) 
modified slightly the experimental proportion of the obtained isomers (Figure 4.34.), 



Part IV 

 258 

mainly affecting the proportion of the second isomer (1:0.9 first:second ratio under 
flow conditions vs 1:1.5 first:second ratio in the NMR tube). 

  
Figure 4.34. 1HNMR experiments of oxazolone D under flow conditions (left) or 3h NMR tube (right) at 

405nm. Additional NMR peaks of unknown idendity can be observed in both spectra. 

In order to see if the reactions could be pushed to quantitative conversion, we 
perform the reaction in continuous flow with longer reaction times, obtaining similar 
results (65% conversion at 45 min residence time). In previous cases, we obtained 
higher conversion with UV-LEDs of higher illumination power, however at this 
wavelength (405 nm), there were no commercially available LEDs with the same 
difference power (up to 3 times as much power) as we had for the 465 nm LEDs. We 
are concluding that at the irradiation power we were working with (0.5 W with the 
LEDs and 45 mW with the laser diode), we found a stationary point up to which we 
cannot surpass. This was also supported by the in-situ experiment (Figure 4.35.), 
which we performed for much longer reaction times, which also seems to reach a 
state where the reaction doesn’t continue much further (Figure 4.35.). The 
conversion curve for both the in-situ and the flow conditions experiments are shown 
below (Figure 4.35. & 4.36.). 

  
Figure 4.35. Representation of the conversion of each isomers vs irradiation time under in-situ conditions 

(left), obtained kinetical data for the major isomer (right). 
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Figure 4.36. Representation of the conversion of each isomers vs irradiation time under in-line conditions 
(left), obtained kinetical data for the major isomer. 

In this case, we could also performed the kinetical analysis from the conversion 
curve in just one single on-flow experiment, for both aforementioned cases, obtaining 
a very similar results for the kinetic constant for the mayor isomer (for the in-situ 
experiment: K = 0.0198 M-1 s-1, for the flow experiment: K = 0.0175 M-1 s-1). 
 
At to this point, we haven’t being able to compared a reaction that worked 
reasonable well both, in-situ and in-line conditions for a certain wavelength. It is 
worth mentioning that the time scale for these monitoring methodologies is 
different. While the in-situ reaction is being monitored during a continuous 
irradiation of the sample (up to two hours), the in-line conditions shows the process 
of the reaction after being irradiated for only 30 minutes. Therefore, when 
comparing the results for these experiments, it is only valid the comparison of the 
in-situ experiments for reactions times close to those used in the flow conditions. At 
that point, it is remarkable the effect of flow in this reaction, showing a much bigger 
difference between the relative proportion of the first and second isomer at the end 
of the 30 min reaction time (blue and red points in each graph, Figure 4.37.). While 
after 30 min of in-situ irradiation the difference is just 10% between isomers, in flow 
conditions the difference is 20%. This is a good preliminary data to reach the 
possibility of controlling the accces of a certain isomer over the others. 

  
Figure 4.37. Representation of the conversion of each isomer under in-situ (left) and in-line (right) 

conditions showing the 30 min reaction time in each case.  
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Results at 465 nm. NMR tube, in-situ and in-line conditions. 
 
As in the case of the previous oxazolones, oxazolone D also undergoes the [2+2] 
photo-cycloaddition at wavelength around 450-465 nm. In the table below (Table 
4.9.) are collected the results for the reactions for the batch conditions perform on 
an NMR tube versus the results of the reaction performed on flow. 

Table 4.9. Conversion rate for Oxazolone D under 465 nm irradiation and different experimental 
conditions. 

Reaction time 
(min) 

Conv. (%) 
Cyclo. 

NMR Tube 

Conv. (%) 
Cyclo. 
In-line 

 30 10 44 (LEDs 5mm) 
58 (LEDs 10mm) 

180 20 -- 

Like previous experiments, we compared the effect of the in-line conditions vs the 
batch experiments and confirmed that, even when the substrate is supposed to work 
better at lower wavelength, we see an improvement when the flow conditions are 
used. However, unlike as in case of oxazolones B and C, even with the high power 
LEDs, we couldn’t achieve full conversion. This again relates what we observed in 
previous experiments when the reactions reach a stationary point. Moreover, for the 
experiment for the high power LEDs, we also manage to perform the in-line 
monitorization to obtained similar graphs as it shown before (Figure 4.38.).  

  
Figure 4.38. Representation of the conversion of each isomers vs irradiation time under in-line conditions 

(right), obtained kinetical data for the major isomer (right). 

As shown in Figure 4.38. we could observe the formation of all the expected isomers. 
The kinetic data for the mayor isomer could be calculated (K = 0.0305 M-1 s-1). 
However, comparing the data from the 405 and 465 nm experiments, we noticed 
that the spectra had different profiles. Notice the first and second isomer 
conversions in Figure 4.39.). Although the amount of starting material is not the 
same in both cases, the proportions of the  first and second isomers differs 
significantly. This situation hints that there has to be a change in the selectivity in 
operation for this substrate under different wavelengths.  
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Figure 4.39. Expansion of the NMR spectrum corresponding to the methy groups for In-line 405nm LEDs 

40,000mcd (left) & In-line 465nm LEDs 250,000 mcd (right). 

Using the aliphatic region for the flow experiments (Figure 4.39.), we can extract 
the conversion for the denoted different isomers for the different conditions, 
observing the change between the first and second isomer proportion under the high 
power UV LEDs (Table 4.10.). This is also an interesting preeliminar result in the 
synthesis of one isomer over the rest. 
Table 4.10. Conversion rate for Oxazolone D under 405 & 465 nm irradiation and different experimental 

conditions. 

Flow + Photo-LEDS Conv (%) 
405 nm 

Conv (%) 
465 nm 

In-line LEDs 5mm 63 (29-14-11-9%) 43 (16+14+7+6%) 

In-line LEDs 10mm -- 58 (9-23-11-15%) 

 
Oxazolone E (4-Me)  

 
Finally, oxazolone E has a similar activity as the previous oxazolone substrate, with 
a local maximum absorption value around the 400-420 nm region although there is 
also an emission peak around 460 nm of less intensity. The conclusions about the 
optimal conditions are the same as with substrate D. The computational results are 
collected in table below (Table 4.11., Figure 4.41. & 4.42.). The MP2 results are in 
agreement with the one obtained in the other cases. 
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Table 4.11. Collected DFT energies for all the isomers shown in Figure 4.16. for oxazolone E. 
   E 

Stereochemistry Structure  
(Experimental ratio) 

ΔE (ZPE)  
[M06-2x/6-31G(d)] 

ΔE (ZPE)  
[MP2/6-311+G(d,p)] 

Z-Z 

 1,2-HH syn 3.16 5.35 
(2º) 1,2-HH-anti (SS-RR) 2.06 2.38 

 1,2-HH-anti (RR-SS) 2.27 2.31 
 1,3-HT-syn 3.16 5.90 

(1º) 1,3-HT-anti 0.00 0.00 

Z-E 

 1,2-HH syn 0.99 2.01 
 1,2-HH-anti (SS-RR) 8.14 9.16 
 1,2-HH-anti (RR-SS) 8.15 9.16 

(3º) 1,3-HT-syn 1.37 2.67 
(4º) 1,3-HT-anti 3.85 6.28 

E-E 

 1,2-HH syn 8.96 11.66 
 1,2-HH-anti (SS-RR) 6.00 9.50 
 1,2-HH-anti (RR-SS) 6.00 9.50 
 1,3-HT-syn 3.30 5.87 
 1,3-HT-anti 6.36 9.45 

As we can see, the MP2 results rectify any changes in the predicted behaviour, as in 
all the cases before. Having done oxazolones A, B, C, D & E as the model 
substrates, we believe it is reasonable to assume that the trend would be reproduced 
for all the possible substrates. In the figures below we have collected the optimised 
structures for the four major isomers, which have already been mentioned in 
previous sections (Figure 4.40. & 4.41.). 

 
Figure 4.40. 1,3-HT-anti and 1,2-HH-anti (RRSS) from Z-Z coupling. 1st and 2nd major isomers 

(respectively) 

 

Figure 4.41. 1,3-HT-sin (left) and 1,3-HT-anti (right) from Z-E coupling. 3rd and 4th major isomers 
(respectively) 
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Results at 405 nm. NMR tube, in-situ and in-line conditions. 
 
Similarly as with oxazolone D, when oxazolone E is irradiated at the 405 nm region, 
we observed the [2+2] photocycloaddition. The results in table 4.12. show data in 
concordance to those obtained for oxazolone D. 

Table 4.12. Conversion rate for Oxazolone E under 405 nm irradiation and different experimental 
conditions. 

Time (min) 
Conv. (%) 

Iso. Z/E 
NMR Tube  

Conv. (%) 
Cyclo. 

NMR Tube 

Conv. (%) 
Iso. Z/E 
In-line 

Conv. (%) 
Cyclo. 
In-line 

Conv. (%) 
Iso. Z/E 
In-situ 

Conv. (%) 
Cyclo. 
In-situ 

30 55 0 -- 48 -- 22 

Oxazolone E also works better at lower wavelength (i.e. 405 nm) and the flow 
conditions introduce a great improvement compared to the batch experiments. 
However, the reaction profile for both in-situ and in-line (Figure 4.42.) conditions 
shows poor conversions compared at the same reaction times. However, as it 
happened for oxazolone D, the flow conditions offer much bigger difference between 
the first and second isomer when the system reaches a steady state (after the first 
hour of monitoring the reaction, the observed conversion was 9% for the in-situ vs 
15 % for the in-line conditions) observing no reversible processes during the 
reaction.  

 
Figure 4.42. Representation of the conversion of each isomers vs irradiation time under in-situ (left) vs 

in-line conditions (right), obtained kinetical data for the major isomer.  

We could also perform the kinetical analysis from the conversion vs time curve, for 
both aforementioned experiments, obtaining very similar results for the kinetic 
constant for the mayor isomer (for the in-situ experiment: K = 0. 0084 M-1 s-1, for 
the flow experiment: K = 0.015 M-1 s-1). Although the difference between the 
determination of this kinetic constant from these two different methodologies is 
larger than in previous examples, we should mention it is mostly due to the overlap 
of the peaks in the spectra. On the other hand, as in previous cases, there is no 
change in the distribution of the isomers experimentally obtained, when samples 
were performed under conventional or flow conditions. 
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The reaction was also pushed to quantitative conversion under these optimal 
conditions; however, longer reaction times conduce at similar results (51% 
conversion at 45 min residence time vs 48 % at 30 min). As in previous cases, we 
could not perform the reaction with higher illumination power UV-LEDs since there 
are not commercially available LEDs in the 405 nm region with such power. 
 

Results at 465 nm. NMR tube, in-situ and in-line conditions. 
 
Table 4.13. shows the results collected for the reactions performed under batch 
conditions on an NMR tube versus the results of the reaction performed in-line for 
oxazolone E. 

Table 4.13. Conversion rate for Oxazolone E under 465 nm irradiation and different experimental 
conditions. 

Reaction time 
(min) 

Conv. (%) 
Cyclo. 

NMR Tube 

Conv. (%) 
Cyclo. 

In-line exp. 

 30 4 29 (LEDs 5mm) 
37 (LEDs 10mm) 

180 24 -- 

These experiments render similar results to the conditions or conclusions obtained 
for oxazolone D. However, in this substrate the effect of the wavelength is much 
more significant. Also, as in case D, even with the high power LEDs, we couldn’t 
reach full conversion. We also performed the in-line monitorization to study the 
isomer distribution, trying to observe the behaviour of this substrate, obtaining 
similar graphs as the ones obtained for oxazolone D. 
 
Remarks & Conclusions 
 
As a conclusion, we have stablished a methodology to analyse and extract relevant 
chemical information from a complex reaction mixture, being able to predict and 
assign the experimental observed isomers. Furthermore we have enhanced the 
development of this type of reactions, disminishing the reaction time greatly with 
the use of flow regime under photochemical conditions. The in-line monitoring mode 
approach enables the profiling of the familiar reaction of the different isomers within 
time. The comparasion between real time and time-elapsed analysis eliminates the 
possible reversibility of these [2+2] reactions, contrary to the orthopalladated 
substrates.26 The approach of this methodology encompasses a wide variety of 
techniques (DFT, NMR, X-ray), both from the experimental or theoretical 
background. It is only with this combined approach that we have been able to 
understand these photocycloaddition reactions, since the use of an isolated technique 
proved to be insufficient (or at least very difficult and time consuming) to resolve 
this problem successfully. 
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Experimental section 
 
 

General Methods 
 

1H and 13C NMR spectra were recorded in CDCl3, THF-d8, and/or CD2Cl2 solutions at 298 K 
on Varian 400 and 500 spectrometers (δ in ppm, J in Hz) at 1H operating frequency of 399.9 
and 499.2 MHz, respectively. 1H and 13C spectra were referenced using the solvent signal as 
internal standard. ESI+ mass spectra were recorded using an Esquire 3000 ion-trap mass 
spectrometer (Bruker Daltonic GmbH) equipped with a standard ESI/APCI source. Samples 
were introduced by direct infusion with a syringe pump. Nitrogen served both as the nebuliser 
gas and the dry gas. The mass spectra (MALDI+) were recorded from CHCl3 solutions on a 
MALDI-TOF Microflex (Bruker) spectrometer (DCTB as matrix). Oxazolones A,67 B,68 B,69 
D-E,69 I, 70 N, 69b, 71 were synthesised according published methods. 
 

X–ray crystallography 
 

Crystals of B.OEt2 and I.CH2Cl2 of presumed quality for X-ray measurements were grown by 
vapour diffusion of Et2O (B) or pentane (I) into CH2Cl2 solutions of the crude products at 25 
ºC. On each case, a single crystal was mounted at the end of a quartz fibre in a random 
orientation, covered with perfluorinated oil and placed under a cold stream of N2 gas. The 
data collections were performed on an Oxford Diffraction Xcalibur2 diffractometer using 
graphite-monochromatic Mo-Ka radiation (l= 0.71073 Å). In all cases, a hemisphere of data 
was collected based on w-scan and f-scan runs. The diffraction frames were integrated using 
the program CrysAlis RED72 and the integrated intensities were corrected for absorption with 
SADABS.73 The structures were solved and developed by Fourier methods.74 All non-
hydrogen atoms were refined with anisotropic displacement parameters. The H atoms were 
placed at idealised positions and treated as riding atoms. Each H atom was assigned an 
isotropic displacement parameter equal to 1.2 times the equivalent isotropic displacement 
parameter of its parent atom. The structures were refined to Fo

2 and all reflections were used 
in the least-squares calculations.75 
 

Computational details 
 
All the computational calculations reported here were performed with the Gaussian 09 series 
of programs76 in the High Performance Computing Service of the UCLM. Geometries of the 
reactants, and products were optimised by DFT using one of Truhlar functionals, M06-2X,62 
which has shown to use successfully in system where thermochemistry, kinetics, and non-
covalent interactions are all important. The basis set employed was the standard 6-31G(d). 
To take into account the possible solvent effect of polar media for the reaction, we performed 
the optimization calculations employing the polarised-continuum model (PCM)61 using 
tetrahydrofuran (THF) and dichloromethane (DCM) as solvent. Normal coordinate analysis 
was performed at the same level for all stationary points to characterise the equilibrium 
structures (no imaginary frequency) and to calculate zero point energy (ZPE) and thermal 
corrections. MP2/6-311+G(d,p) single point energy calculations were performed in order to 
evaluate more accurate energies due to the strain in the cyclobutane.50 GIAO computational 
calculation were also performed for 1H and 13C at the B3LYP/6-311++G(d,p).54 
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The collected Z-matrix for all the compounds discussed in this text is available in the 
Electronic Supporting Information (DVD). 
 

Additional info for Oxazolone D 
 

Table 4.16. Collected DFT energies for all the isomers shown in Figure 4.16. for oxazolone D with all the 
CH-π interacting combinations. 

  D with CH - π D without CH - π 

Stereochemistry Structure 
ΔE (ZPE)  

[M06-2x/6-31G(d)] 
ΔE (ZPE)  

[M06-2x/6-31G(d)] 

Z-Z 

1,3-HT-anti 0.00 0.00 
1,2-H-H-anti (RRSS) -0.20 1.15 
1,2-H-H-anti (SSRR) -0.19 1.16 

1,2-H,H-syn 4.55 4.75 
1.3-HT-syn 2.97 2.97 

Z-E 

1.3-HT-syn 0.90 0.90 
1,2-H,H-syn -0.32 0.23 

1,2-H-H-anti (RRSS) 7.04 7.92 
1,2-H-H-anti (SSRR) 7.04 7.92 

1.3-HT-anti 4.41 4.41 

E-E 

1,2-H-H-anti (RRSS) 5.86 6.37 
1,2-H-H-anti (SSRR) 5.86 6.36 

1,2-H,H-syn 6.88 6.88 
1,3-HT-syn 2.97 2.97 
1,3-HT-anti 5.38 6.36 
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Design and fabrication of a LED irradiation source with a mirror lens 
 

A PCB circuit board (7 x 6 cm) is prepared with 28 piranhas LEDs & 18 for the high power 
LED (10mm). The LEDS are connected in serie in blocks of 6, with a minimum voltage 
possible (3V) and a resistance of 60 Ω (according to Ohm’s law). Also, the PCB has a hole in 
the centre of 5 mm in diameter to adjust the fibre optic. The whole system is placed on a 
Teflon holder (7 x 6 x 2.1 cm) with the help of some screws on the corners. This holder is also 
adjustable into an aluminium box via a rail system on the bottom. The piranhas UV-LEDs 
have an output power of 40,000 mcd and the 10 mm high power UV-LEDs have an output 
power of 250,000 mcd. 
 
The fibre optic attached to this aluminium box transfer the light from a concave mirror (5.08 
mm diameter, 50 mm confocal distance), which is supported in a Teflon bar, towards the 
NMR microcoil. The position of this mirror can be adjusted with the help of a railing system 
at the bottom of the box. In this box, we have also placed an axial fan, which helps to 
dissipate the heat generated from the LEDs (Figure 4.43.). 

 
Figure 4.43. Main components of the LED system hyphenated with a convex mirror in an aluminium box. 

This system has been made in collaboration with Francisco Jiménez, a PhD student at the 
Microsistemas, Actuadores y Sensores research group from the Department of Electronic of 
the Engineering School of UCLM in Ciudad Real. 

 
Hyphenation of the LED irradiation source to the NMR microfluidic system via a 

fibre optic 
 
While one of the extremes of the fibre optic is integrated in the aluminium box, the other 
extreme is integrated in our NMR probe via an aluminium holder (15 x 37 mm), which placed 
its extreme in an angle of 60º, which irradiate directly the volume under the NMR microcoil 
(Figure 4.44.). 
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Figure 4.44. Depicted system of the aluminium piece that holds the fibre optic into the NMR microfluidic 

system. 

General batch procedure in the LEDs induced [2+2] photocycloaddition 
 
A solution of the correspondent oxazolone (∼200 mM) in THF-d8 (0,5 mL) is placed in a 5 
mm NMR tube and it is irradiated in the optimal conditions at the different wavelengths (405 
& 465 nm) and irradiation time. A standard 1H-NMR experiment is used to determine the 
reaction conversion of each sample. 
 

General procedure of the in-line photo-LabTrix microreactor and the NMR 
microfluidic setup. 

 
A solution of the correspondent oxazolone (∼200 mM) in THF-d8 is subjected to the best-
obtained conditions at different wavelengths (405 & 465 nm). For these conditions, the 
microfluidic LabTrix reactor is irradiated while the solutions is pumped through at a flow 
rate of 0.66 µL⋅min-1. The microreactor is made of fused silica, with a 300 µm width and 120 
µm depth; it has a 20 µL reactor volume, which, at the set flow rate, gives 30 min of 
residence time. The data is analysed with the NMR microfluidic setup, but for comparison 
purposes, the sample was also collected in a vial, which was then analysed by conventional 
NMR experiments. In other to avoid excessive dilution of the samples, the conventional NMR 
were conducted with 2.5 mm WILMAD® NMR tubes. 
 

General procedure for the in-situ detection of the photocycloaddtion study 
 
The sample solution with the correspondent oxazolone (∼200 mM) in THF-d8 is injected 
through the capillaries by means of a syringe until the reaction volume. The sample is 
irradiated in-situ at 405 nm with a laser diode and at 465 nm with high power LEDs. The 
detection is made in real time via the NMR-microfluidics microcoils.  
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Synthesis and characterization of the [2+2]-photocycloaddition products B-E 
 

Oxazolone B 
 
A solution of 0.5 g of oxazolone B in CH2Cl2 was irradiated for 72 h. After that time, the 
previously yellow solution has lost most of its colour, and a 1H-NMR experiment confirmed 
that the conversion was complete into the cyclobutane products. The sample solvent was 
reduced to the minimum possible and a liquid-liquid crystallisation was performed to isolate 
the crystals. After several days at -18 ºC, a white power, with a combination of crystals (non-
coloured cube and needles) appeared in the recipient. These crystals were separated manually 
and the X-Ray structures assign the cubic crystals to the major isomer b1, while the needles 
corresponded to the second isomer b2. Both compounds were stable at room conditions and 
did not present any preference to revert to the starting materials oxazolone B. 
 

Isomer b1 (1,3-HT-anti) 
(5s,6s,7s,12s)-6,12-bis(4-methoxyphenyl)-2,9-diphenyl-3,10-dioxa-1,8-

diazadispiro[4.1.47.15]dodeca-1,8-diene-4,11-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 8.04 (m, 2H, Ho, Ph), 7.60 - 7.56 (m, 3H, C6H4 + Hp (Ph)), 7.49 (t, 
2H, Hm, Ph), 6.75 (m, 2H, H3, H5, C6H4), 4.54 (s, 1H, CH), 3.68 (s, 3H, OMe).  
13C NMR (CD2Cl2, ppm): 177.50 (CO), 161.34 (C=N), 159.74 (C4-O, C6H4), 132.91 (Cp, 
C6H5), 132.55 (C2, C6, C6H4), 128.78 (Cm, C6H5), 128.00 (Co, C6H5), 125.81 (Ci, C6H5), 123.71 
(C1, C6H4), 113.12 (C3, C5, C6H4), 75.49 (C cyclo), 55.01 (OMe), 54.15 (CH cyclo).  
 

Isomer b2 (1,2-HH-anti) 
 (5S,6S,11R,12R)-11,12-bis(4-methoxyphenyl)-2,8-diphenyl-3,9-dioxa-1,7-

diazadispiro[4.0.46.25]dodeca-1,7-diene-4,10-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 8.04 (m, 2H, Ho, Ph), 7.60 - 7.57 (m, 3H, C6H4 + Hp (Ph)), 7.50 (t, 
2H, Hm, Ph), 6.85 (m, 2H, H3, H5, C6H4), 4.82 (s, 1H, CH), 3.76 (s, 3H, OMe).  
13C NMR (CD2Cl2, ppm): 175.98 (CO), 161.36 (C=N), 159.71 (C4-O, C6H4), 133.03 (Cp, 
C6H5), 131.83 (C2, C6, C6H4), 128.80 (Cm, C6H5), 128.07 (Co, C6H5), 125.62 (Ci, C6H5), 124.21 
(C1, C6H4), 113.38 (C3, C5, C6H4), 73.30 (C cyclo), 55.99 (CH cyclo), 55.12 (OMe).  

H H

N

OO

N

O O

MeO
OMe

b1

H

N

O
N

O

O

OMe

H

OMe
O

b2



Part IV 

 270 

Isomer b3 (1,3-HT-syn-ZE) 
 (5r,6R,7s,12S)-6,12-bis(4-methoxyphenyl)-2,9-diphenyl-3,10-dioxa-1,8-

diazadispiro[4.1.47.15]dodeca-1,8-diene-4,11-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 8.19 (m, Ho, Ph), 8.02 (m, Ho, Ph), 7.68 - 7.50 (m, Hm + Hp (Ph)), 
7.49 (m, H2, H6, C6H4), 6.80 (m, H3, H5, C6H4), 4.69 (s, CH), 3.74 (s, OMe).  
13C NMR (CD2Cl2, ppm): 178.37 (CO), 172.57 (CO), 163.35 (C=N), 161.51 (C=N), 159.71 
(C4-O, C6H4), 134.50 (Cp, C6H5), 133.16 (Cp, C6H5), 130.98 (C2, C6, C6H4), 128.92 (Cm, 
C6H5), 128.91 (Cm, C6H5), 128.14 (Co, C6H5), 128.07 (Co, C6H5), 125.73 (Ci, C6H5), 125.30 (Ci, 
C6H5), 124.40 (C1, C6H4), 113.60 (C3, C5, C6H4), 78.52 (C cyclo), 73.12 (C cyclo), 55.25 (CH 
cyclo), 55.01 (OMe).  
 

Isomer b4 (1,3-HT-anti-ZE) 
 (5R,6r,7S,12s)-6,12-bis(4-methoxyphenyl)-2,9-diphenyl-3,10-dioxa-1,8-

diazadispiro[4.1.47.15]dodeca-1,8-diene-4,11-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 8.03 (m, Ho, Ph), 7.68 - 7.50 (m, Hm + Hp (Ph), H2+H6, (C6H4)), 
6.91 (m, H3, H5, C6H4), 6.86 (m, H3, H5, C6H4), 4.94 (s, CH), 4.79 (s, CH), 3.82 (s, OMe), 
3.77 (s, OMe).  
13C NMR (CD2Cl2, ppm): 175.74 (CO), 161.65 (C=N), 159.99 (C4-O, C6H4), 159.85 (C4-O, 
C6H4), 134.23 (Cp, C6H5), 131.20 (C2, C6, C6H4), 131.05 (C2, C6, C6H4), 128.81 (Cm, C6H5), 
126.95 (Co, C6H5), 125.60 (Ci, C6H5), 125.58 (C1, C6H4), 124.18 (C1, C6H4), 113.72 (C3, C5, 
C6H4), 113.00 (C3, C5, C6H4), 73.48 (C cyclo), 58.65 (CH cyclo), 55.47 (CH cyclo), 52.16 
(OMe), 49.15 (OMe).  
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Oxazolone C 
 
A solution of 0.5 g of oxazolone C in CH2Cl2 was irradiated for 72 h. In this case, the starting 
solutions had to be filtered in order to eliminate suspending particles, which also explain the 
slightly lower concentration from these. After that time, the previously yellow solution has 
lost most of its colour, and a 1H-NMR experiment confirmed that the conversion was 
complete into the cyclobutane products. The sample solvent was reduced to the minimum 
possible and a liquid-liquid crystallisation was performed to isolate the crystals. After several 
days at -18 ºC, there were no suitable crystals to perform the X-ray structure. The 1H & 13C 
NMR assignment was performed based on the 2DNMR experiments already discussed in the 
text. 
 

Isomer c1 (1,2-HH-anti) 
(5S,6S,11R,12R)-11,12-bis(2-methoxyphenyl)-2,8-diphenyl-3,9-dioxa-1,7-

diazadispiro[4.0.46.25]dodeca-1,7-diene-4,10-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 8.16 (m, 2H, Ho, Ph), 7.79 (dm, 1H, H6, C6H4, 3JHH = 7.5), 7.65 (t, 
1H, Hp, Ph, 3JHH = 7), 7.58 (t, 2H, Hm, Ph), 7.28 (td, 1H, H5, C6H4, 3JHH = 7.5, 4JHH = 1), 
6.99 (td, 1H, H4, C6H4, 3JHH = 7.5, 4JHH = 1), 6.81 (d, 1H, H3, C6H4, 3JHH = 8.5), 5.06 (s, 1H, 
CH), 3.58 (s, 3H, OMe).  
13C NMR (CD2Cl2, ppm): 177.01 (CO), 161.24 (C=N), 156.90 (C2-O, C6H4), 132.86 (Cp, 
C6H5), 128.87 (Cm, C6H5), 128.82 (C6, C6H4), 128.44 (C5, C6H4), 128.05 (Co, C6H5), 126.02 
(C1, C6H4), 122.03 (Ci, C6H5), 120.22 (C4, C6H4), 109.89 (C3, C6H4), 71.44 (C cyclo), 54.60 
(CH cyclo), 51.46 (OMe).  
 

Isomer c2 (1,3-HT-anti)  
(5s,6s,7s,12s)-6,12-bis(2-methoxyphenyl)-2,9-diphenyl-3,10-dioxa-1,8-

diazadispiro[4.1.47.15]dodeca-1,8-diene-4,11-dione 
 

 
 
1H NMR (CD2Cl2, ppm): 8.07 (m, 2H, Ho, Ph), 7.64 (t, 1H, Hp, Ph, 3JHH = 7), 7.53 (t, 2H, 
Hm, Ph), 7.25 (d, 1H, H6, C6H4, 3JHH = 7.5), 7.16 (td, 1H, H5, C6H4, 3JHH = 7.5, 4JHH = 1), 
6.78 (td, 1H, H4, C6H4, 3JHH = 7.5, 4JHH = 1), 6.73 (d, 1H, H3, C6H4, 3JHH = 6.5), 4.90 (s, 1H, 
CH), 3.69 (s, 3H, OMe).  
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13C NMR (CD2Cl2, ppm): 177.82 (CO), 161.93 (C=N), 156.95 (C2-O, C6H4), 132.86 (Cp, 
C6H5), 128.82 (Cm, C6H5), 128.69 (C5, C6H4), 128.59 (C6, C6H4), 128.12 (Co, C6H5), 126.00 
(C1, C6H4), 121.79 (Ci, C6H5), 120.03 (C4, C6H4), 109.63 (C3, C6H4), 73.24 (C cyclo), 54.49 
(CH cyclo), 49.30 (OMe).  
 

Isomer c3 (1,3-HT-syn) 
 (5r,6R,7s,12S)-6,12-bis(2-methoxyphenyl)-2,9-diphenyl-3,10-dioxa-1,8-

diazadispiro[4.1.47.15]dodeca-1,8-diene-4,11-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 8.23 (m, 2H, Ho, Ph), 8.12 (m, 2H, Ho, Ph), 7.66 (t, 1H, Hp, Ph, 
3JHH = 7), 7.62 (t, 1H, Hp, Ph, 3JHH = 7), 7.59 (t, 2H, Hm, Ph), 7.56 (t, 2H, Hm, Ph), 7.21 (m, 
1H, H5, C6H4), 6.86 (td, 1H, H4, C6H4, 3JHH = 7.5, 4JHH = 1.5), 6.77 (d, 1H, H3, C6H4, 3JHH = 
8), 4.94 (s, 1H, CH), 3.62 (s, 3H, OMe). H6 was not observed, due to overlapping.  
13C NMR (CD2Cl2, ppm): 178.77 (CO), 172.05 (CO), 162.01 (C=N), 160.89 (C=N), 156.84 
(C2-O, C6H4), 133.16 (Cp, C6H5), 132.53 (Cp, C6H5), 128.94 (Cm, C6H5), 128.90 (C6, C6H4), 
128.71 (Cm, C6H5), 128.21 (Co, C6H5), 127.93 (Co, C6H5), 126.74 (C5, C6H4), 125.98 (C1, 
C6H4), 123.00 (Ci, C6H5), 121.91 (Ci, C6H5), 120.26 (C4, C6H4), 110.31 (C3, C6H4), 77.32 (C 
cyclo), 72.50 (C cyclo), 54.36 (CH cyclo), 51.50 (OMe).  
 

Isomer c4 (1,3-HT-anti-ZE) 
(5R,6r,7S,12s)-6,12-bis(2-methoxyphenyl)-2,9-diphenyl-3,10-dioxa-1,8-

diazadispiro[4.1.47.15]dodeca-1,8-diene-4,11-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 7.97 (m, 2H, Ho, Ph), 7.70 (t, 1H, Hp, Ph, 3JHH = 7), 7.47 (t, 2H, 
Hm, Ph), 7.30 (m, 1H, H5, C6H4), 7.23-7.20 (m, 2H, H6, C6H4), 7.11 (m, 1H, H5, C6H4), 7.01 
(t, 1H, H4, C6H4, 3JHH = 8), 6.95 (td, 1H, H4, C6H4, 3JHH = 7.5, 4JHH = 1), 6.89 (d, 1H, H3, 
C6H4, 3JHH = 8), 6.72 (dd, 1H, H3, C6H4, 3JHH = 7.5, 4JHH = 1), 5.20 (s, 1H, CH), 5.09 (s, 1H, 
CH), 3.62 (s, 3H, OMe), 3.58 (s, 3H, OMe).  
13C NMR (CD2Cl2, ppm): 175.29 (CO), 160.67 (C=N), 156.80 (C4-O, C6H4), 153.82 (C4-O, 
C6H4), 132.89 (Cp, C6H5), 129.43 (C5, C6H4), 128.90 (Cm, C6H5), 128.46 (C6, C6H4), 128.00 
(Co, C6H5), 127.63 (C5, C6H4), 127.25 (C6, C6H4), 121.66 (Ci, C6H5), 120.51 (C4, C6H4), 119.98 
(C4, C6H4), 110.64 (C3, C6H4), 109.25 (C3, C6H4), 75.54 (C cyclo), 54.64 (CH cyclo), 54.62 
(CH cyclo), 52.54 (OMe), 50.35 (OMe). Signals assigned to C1 (C6H4) were not observed.  
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Oxazolone D 
 
A solution of 0.5 g of oxazolone D in CH2Cl2 was irradiated for 72 h. After that time, the 
previously yellow solution has lost most of its colour, and a 1H-NMR experiment confirmed 
that the conversion was complete into the cyclobutane products. The sample solvent was 
reduced to the minimum possible and a liquid-liquid crystallisation was performed to isolate 
the crystals. After several days at -18 ºC, a white power, with a combination of crystals 
appears in the recipient. Contrary to the other substrates, in this case there seemed to be 
crystals for all the isomers products of the reactions. However, for the case of the minor 
components, there was no enough material to perform suitable crystals for X-ray. The 
crystals obtained were separated manually and the X-Ray structures were assigned to the 
major isomer d1, and the second isomer d2. Both compounds were stable at room conditions 
and did not present any preference to revert to the starting materials oxazolone D. 
 

Isomer d1 (1,3-HT-anti) 
(5s,6s,7s,12s)-2,9-diphenyl-6,12-di-o-tolyl-3,10-dioxa-1,8-

diazadispiro[4.1.47.15]dodeca-1,8-diene-4,11-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 8.40 (d, 1H, H6, C6H4, 3JHH = 7.5), 8.07 (m, 2H, Ho, Ph), 7.61 (tt, 
1H, Hp, Ph, 3JHH = 7.5, 4JHH = 1), 7.52 (t, 2H, Hm, Ph, 3JHH = 8), 7.19-7.16 (m, 1H, H4, 
C6H4), 7.11-7.09 (m, 2H, H5, H3, C6H4), 5.15 (s, 1H, CH), 2.41 (s, 3H, Me).  
13C NMR (CD2Cl2, ppm): 178.12 (CO), 161.15 (C=N), 137.33 (C2, C6H4), 133.36, 132.93, 
128.11, 125.15 (C3, C4, C5, C6, C6H4), 130.11 (C1, C6H4), 129.88 (Cp, C6H5), 128.78 (Cm, 
C6H5), 127.99 (Co, C6H5), 125.81 (Ci, C6H5), 75.46 (C cyclo), 49.75 (CH cyclo), 20.01 (2-Me).  
 

Isomer d2 (1,2-HH-anti) 
((5S,6S,11R,12R)-2,8-diphenyl-11,12-di-o-tolyl-3,9-dioxa-1,7-

diazadispiro[4.0.46.25]dodeca-1,7-diene-4,10-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 8.53 (dd, 1H, H6, C6H4, 3JHH = 8, 4JHH = 1), 8.11 (m, 2H, Ho, Ph), 
7.65 (tt, 1H, Hp, Ph, 3JHH = 7.0, 4JHH = 1), 7.56 (t, 2H, Hm, Ph, 3JHH = 8), 7.33 (td, 1H, H4, 
C6H4, 3JHH = 7, 4JHH = 1), 7.22 (td, 1H, H5, C6H4, 3JHH = 7.5, 4JHH = 1.5), 7.14 (d, 1H, H3, 
C6H4, 3JHH = 7.5), 5.37 (s, 1H, CH), 2.31 (s, 3H, Me).  
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13C NMR (CD2Cl2, ppm): 176.26 (CO), 161.49 (C=N), 136.86 (C2, C6H4), 133.11, 131.85, 
128.16, 125.58 (C3, C4, C5, C6, C6H4), 131.10 (C1, C6H4), 130.20 (Cp, C6H5), 128.86 (Cm, 
C6H5), 128.07 (Co, C6H5), 125.55 (Ci, C6H5), 73.67 (C cyclo), 51.89 (CH cyclo), 20.12 (2-Me).  
 
Oxazolone E 
 
A solution of 0.5 g of oxazolone E in CH2Cl2 was irradiated for 72 h. After that time, the 
previously yellow solution has lost most of its colour, and a 1H-NMR experiment confirmed 
that the conversion was complete into the cyclobutane products. The sample solvent was 
reduced to the minimum possible and a liquid-liquid crystallisation was performed to isolate 
the crystals. After several days at -18 ºC, a white power, with a combination of crystals 
appeared in the recipient. As it happened for oxazolone E, there was no enough material to 
perform suitable crystals for X-ray in the case of the minor components. The crystals 
obtained were separated manually and the X-Ray structures were assigned to the major 
isomer e1, and the second isomer e2. Both compounds were stable at room conditions and did 
not present any preference to revert to the starting materials oxazolone E. 
 

Isomer e1 (1,3-HT-anti) 
(5s,6s,7s,12s)-2,9-diphenyl-6,12-di-p-tolyl-3,10-dioxa-1,8-

diazadispiro[4.1.47.15]dodeca-1,8-diene-4,11-dione 
 

 
 

1H NMR (CD2Cl2, ppm): 8.07 (m, 2H, Ho, Ph), 7.61 (t, 1H, Hp, Ph, 3JHH = 7.5), 7.55 (m, 2H, 
H2, H6, C6H4), 7.53 (t, 2H, Hm, Ph, 3JHH = 8), 7.08 (m, 2H, H3, H5, C6H4), 4.62 (s, 1H, CH), 
2.25 (s, 3H, 4-Me).  
13C NMR (CD2Cl2, ppm): 177.50 (CO), 161.37 (C=N), 138.37 (C4, C6H4), 132.94 (Cp, C6H5), 
131.01 (C3, C5, C6H4), 128.79 (Cm, C6H5), 128.63 (C1, C6H4), 128.52 (Co, C6H5), 128.03 (C2, 
C6, C6H4), 125.78 (Ci, C6H5), 75.09 (C cyclo), 54.45 (CH cyclo), 20.76 (4-Me).  
 

Isomer e2 (1,2-HH-anti) 
 (5S,6S,11R,12R)-2,8-diphenyl-11,12-di-p-tolyl-3,9-dioxa-1,7-

diazadispiro[4.0.46.25]dodeca-1,7-diene-4,10-dione 
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1H NMR (CD2Cl2, ppm): 8.07 (m, 2H, Ho, Ph), 7.63 (t, 1H, Hp, Ph, 3JHH = 7.5), 7.55 (m, 2H, 
H2, H6, C6H4), 7.54 (t, 2H, Hm, Ph, 3JHH = 8), 7.08 (m, 2H, H3, H5, C6H4), 4.91 (s, 1H, CH), 
2.34 (s, 3H, 4-Me). 
13C NMR (CD2Cl2, ppm): 175.96 (CO), 161.44 (C=N), 138.32 (C4, C6H4), 133.07 (Cp, C6H5), 
130.21 (C3, C5, C6H4), 129.15 (Cm, C6H5), 129.02 (Co, C6H5), 128.65 (C1, C6H4), 128.10 (C2, 
C6, C6H4), 125.60 (Ci, C6H5), 72.89 (C cyclo), 56.26 (CH cyclo), 20.84 (4-Me).  
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Remarks & Conclusions 
 
 

uring these last four years, I have been working on my PhD based on two main projects. 
One was the monitorization of different reaction, performed under different activation 

techniques, through the use of NMR microcoils; we have explored both of them in Chapter II 
and IV. The other project has based on the use of Computational Chemistry to evaluate the 
merits of microwave irradiation on different set of organic reactions, as discussed in Chapter 
III. In Chapter IV, we have performed [2+2] photocycloaddition reaction under different flow 
conditions and we used computational chemistry to elucidate the complex mix of isomers 
coming from these reactions. Overall the novelty of this thesis has focused on learning how to 
approach problems from a combined perspective, balancing a more practical and the 
theoretical aspects to actually resolve the problems we faced. 
 
As mentioned, on Chapter II we have work to integrate the analytic technique of Nuclear 
Magnetic Resonance spectroscopy (NMR), to be able to handle micro volumes at continuous 
flow regime. We have performed this by the means of NMR microcoils, which were perfectly 
integrated in the NMR conventional probe, which was then used to enhance the NMR 
sensitivity in the experimental determination of the kinetic constant in a small library of 
heterocycle compounds. We could also determine an approximation of the activation energy 
for each of the substrates under the on flow experimental conditions in just one experiment. 
We have also studied the benefits of flow conditions with those of the microwave irradiation, 
suggesting that microwave irradiation can match the data obtained from flow experiments. 
 
In this Chapter II, I also developed an international pre-doctoral stay in Durham, UK. The 
purposes of this stay was to strengthen my skills in the area of modern Synthetic Organic 
Chemistry through the envision generation of new chemical entities with promising biological 
activities using flow based procedures. In terms of the development of the work, we have 
improved the described access to an interesting moiety the pyrrolopyrimidine, which 
potentially enable us to obtain larger quantities than in conventional conditions. The future 
prospect of this work is to continue to explore new substitution strategies for the 
pyrrolopyrimidine ring system and to perform the biology testing to verify that these small 
molecules do indeed show activity on epigenetic targets.  
 
On the other hand, in this thesis we have applied theoretical principles at the Microwave 
Assisted Organic Synthesis (MAOS). Microwave irradiation is a non-conventional energy 
source, which provides important advantages in Organic Synthesis. Nowadays, it has been 
applied successfully in both academic and industrial field; however, the reasons behind the 
advantages are still mostly unknown. The synergic conjunction of these topics: microwave 
and computational chemistry, has helped to shed some light in the mechanism and role of 
certain species involved in these reactions. We selected a wide range of reactions, which were 
known to be enhanced by microwave irradiation. The computational outcomes obtained in 
this study support that slower reacting system, that is, with high activation energies, show 
better effect under microwave irradiation. Moreover, the reason as to why these systems are 
only improved with microwaves heating lies in the influence of the polarity of the medium, 
which is requires a good wave-matter interaction to get a rapid warm up. To highlight three 
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possible causes for this optimal interaction: absorption of polar systems (through solvent, 
reagent or support), the efficient absorption of microwaves if the polarity is increased along 
the reaction coordinate or the presence of small amounts of a strongly microwave absorbing 
“doping agent or susceptor” such as an ionic liquid. These results have enabled us to envision 
a quantitative predictive model towards the comprehensible outcome for which reaction may 
be susceptible to microwave reaction enhancement.  
 
I also developed an interuniversity collaboration in the University of Zaragoza to 
computationally study upon the enantioselective behaviour of different 4,4’BOX ligands into 
the asymmetric copper catalysed cyclopropanation of styrene, finding the importance on the 
understanding the stereochemical behaviour of any reaction, on aspect that sometimes are 
missing from the oversimplification on the studied systems.  
 
Finally on Chapter IV, we mentioned how we have combined the application of the different 
methodologies presented in previous chapters: the experimental approach, with flow reactors, 
photochemistry and NMR spectroscopy, together with the computational approach. In this 
sense, the chose reaction was [2+2] photocycloadditions of (Z)-4-ariliden-5(4H)-oxazolones to 
obtained cyclobutane derivatives of 1,3-diaminotruxilic and 1,2-diaminotruxinic acids. In the 
flow scale, we have been able to enhance the production of this type of reaction, reducing the 
reaction time from days to minutes, proving that flow chemistry can also work very swiftly 
when using other of conventionally energy input methods. The problem was to elucidate the 
structure for the major isolated isomers from the 15 potentially possible isomers. By the 
combination of different NMR experiments and computational calculation has allowed us to 
identify these isomers. Some of these results have also been corroborated by X-Ray 
structures. 
! !
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En primer lugar a la Dra. Pilar Prieto y a la Dra. María Victoria Gómez. Aquí podría mencionar 
“muchisísísísísímas” cosas: apoyo en los momentos difíciles de la tesis, todo lo que me han enseñado 
y todo lo que han puesto a mi alcance, etc… Sin embargo, tengo que reconocer que de lo que más 
agradecido estoy es de la labor titánica de ambas al mantenerme con los pies en el suelo en muchas 
ocasiones, hacerme ver la realidad (y a veces dejarme continuar, aun sabiendo lo que iba a ocurrir) 
y enseñarme lo difícil y bonito que es (cuando finalmente fructifica) la forma de trabajo 
multidisciplinar que hemos desarrollado. Todo el trabajo aquí reflejado es tanto suyo como mío, 
pero tengo muy claro que sin ellas no habría sido posible. 
 
Al Dr. Antonio de la Hoz y al Dr. Ángel Díaz por las oportunidades brindadas, el apoyo durante 
todo este tiempo, tanto en temas educativos como administrativos, y básicamente por la paciencia 
de responder de forma razonada y coherente a la todas dudas con las que me he presentado en sus 
respectivos despachos. Also, to Prof. Aldrik H. Velders. I met him at the beginning of this journey 
and I think this work would not be possible without his implication and expertise. For sharing his 
way of thinking on both myself and on this PhD text, I cannot summon enough gratitude. 
 
Antes mencioné estos 10 años desde la primera vez que pisé esta facultad. Este periodo que 
representa casi un tercio de mi vida, le corresponde inicialmente a la Dra. Marian Herrero y al Dr. 
Javier Guerra, a quienes debo eterna gratitud. Fueron ellos los que me enseñaron quién era y qué 
hacia un químico y qué era un laboratorio de investigación. Más adelante, fue añadiéndose gente 
con la que coincidí en su trayectoria en el laboratorio y de la que siempre aprendí algo. Al Dr. Abel 
de Cózar, Dr. Juan de Mata Muñoz, Dra. Noelia Rubio, Dra. Cristina Cebrián, Dra. Ana Isabel 
Aranda, Dra. Amparo Ruiz, Dra. Ana Campo, Dra. Manuela Martin, Dra. Amaranda García, 
Dra. Caroline A. Ahad Hadad, Dr. Juan Tolosa y al Dr. Carlos Nieto. No puedo hacer un 
comentario particular para cada uno, sin embargo, sí me gustaría dejar constancia de que, si alguna 
vez tienen la oportunidad de leer estas líneas, sólo puedo decir que es ahora cuando mejor les 
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entiendo. Son esas pequeñas charlas, tonterías, risas… alguna lágrima compartida, historias, 
conocimientos… Por todo lo acumulado a lo largo de los años que estuvieron por aquí y las 
cualidades que fui adsorbiendo de cada uno, gracias. 
 
También quiero reconocer la paciencia, sufrimiento y/o disfrute (cada uno como quiera llamarlo, 
porque ha habido de todo) de todos aquellos que han compartido, en mayor o menor medida, mi 
paso por el laboratorio de Química Orgánica durante el periodo de doctorado. Desde el Dr. Alberto 
Juan pasando por el Dr. Fernando León (junto con Elizalde Patricia et familia), la ‘Dra.’ 
Covadonga Lucas y ‘Dra.’ María Moreno (junto con ‘Dr.’ Víctor Fernández) y el Dr. José Ramón 
Ramírez. La ‘Dra.’ María Jesús Pastor (Chusa), ‘Dr.’ David Cáceres e Iván Torres aunque 
incorporados con posterioridad, también deben ser incluidos en este apartado. Todos ellos merecen 
mi agradecimiento y siempre serán parte de mí.  
 
No podría reconocer este laboratorio sin la presencia de Mª del Prado Rodríguez (véase Txiqui, 
junto con el Dr. Alfonso Aranda) y Riánsares del Rey (véase Rian, junto con Hipólito González). 
Ellos han visto mi evolución desde “pezqueñín”, han compartido tanto lo bueno como lo malo y 
cuando ha hecho falta, han sabido ponerme en su sitio o compartir sus impresiones. Y sobre todo, 
por sus sonrisas al entrar al laboratorio cada día, su predisposición y ayuda en todo a lo largo de 
los años. También me gustaría agradecer a Jesús Lozano que siempre ha estado dispuesto a 
compartir unas risas y ayudarnos en lo que hemos necesitado. También me gustaría agradecer a 
Ana Antequera por todos la ayuda ofrecida en los tramites departamentales. 
 
No sólo aquellos que se encontraban en mi mismo laboratorio han debido de invocar la paciencia, y 
simpatía. A todos ellos también les debo momentos inolvidables, desde aquel máster en Castellón y 
Almagro con la Dra. Verónica Castellanos, y más adelante otros muchos momentos con el Dr. 
Antonio Esaú, la Dra. Teresa Tercero, la ‘Dra.’ María Isabel Lucio, la ‘Dra.’ Cristina Martin y el 
‘Dr.’ Daniel Iglesias. 
 
También he compartido muchos momentos con los compañeros de los distintos laboratorios de 
Inorgánica; desde los comienzos con la Dra. Pilar Carranza, la Dra. Laura Soriano y el Dr. Iván 
Rivilla, hasta los más reciente con el Dr. Jaime Martínez, Dr. David Elorriaga, Dr. José Antonio 
Castro, Dra. Gema Dura, ‘Dr.’ Javier Martínez, ‘Dr.’ Javier Torres. Porque siempre teníais un 
momento para mi, gracias. 
 
Sin embargo, un departamento como el nuestro tampoco sería lo mismo sin aquellos que realmente 
lo personifican; porque la mayoría de ellos han sido profesores míos, y al conocerlos mas de cerca, 
solo he podido profesarles un profundo respeto, con el tiempo me he ido dando cuenta de aquello 
que se dice de “este trabajo, es vocacional”, es cierto. Alfabéticamente al Dr. José Ramón Carrillo, 
al Dr. Enrique Díez, el Dr. Joaquín García, la Dra. Sonia Merino, el Dr. Andrés Moreno, el Dr. 
Julián Rodríguez, la Dra. Ana Sánchez, la Dra. Prado Sánchez, el Dr. Juan Tejeda y la Dra. Ester 
Vázquez. Porque todos y cada uno han aportado sus sabiduría, y en estos últimos años, a veces 
dentro de la facultad y otras en las ocasionales reuniones sociales acompañadas con diferentes 
“zumos de cebada”. 
 
A aquellas personas a las que me encontré cada días al llegar a la facultad. A Prado, María, 
Teresa, Ramón, Joaquín, Pepi, Mari Paz y muchos otros. Esas sonrisas y sencillos ¡Buenos días! 
siempre me han ayudado a generar buenas sensaciones. 
 
Cuando dije que soy un privilegiado, no sólo lo he sido en mi Universidad. En la primera de mis 
estancias en la Universidad de Zaragoza, tuve la suerte de encontrarme con la Dra. Elísabet Pires y 
la Dra. Clara Isabel Herrerías, que me ayudaron en los comienzos de mi estancia allí. Los 
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momentos compartidos, en ocasiones de forma breve pero intensa, con los Dr. José Antonio 
Mayoral, Dr. Luis Salvatella, Dr. José María Fraile y Dr. Eugenio Vispe así como de forma 
indirecta con el Dr. Gonzalo Jiménez-Oses, me brindaron la visión de cada uno el mundo de la 
Química. 
 
Cómo no recordar a los doctorandos que encontré en Zaragoza, que me adoptaron como parte del 
grupo en las actividades sociales. A la Dra. María José Bernal y el Dr. Santiago Tejero, la ‘Dra.’ 
Ana C. Miñana, la Dra. Nuria García, la Dr. Héctor García, la Dra. Alicia Arizpe, la Dra. María 
Isabel Rodríguez, la ‘Dra.’ Lorena Gasco, la Dra. Miriam de Torres y Robert Feldman. Además, 
en esta estancia encontré a dos amigos: al Dr. Jorge Santafé y al ‘Dr.’ Alejandro Martínez. Si la 
Química nos enseña algo, es que a veces, incluso por mera serendipia, se pueden descubrir cosas. En 
este caso, fue su amistad. 
 
Y es que mi estancia en Zaragoza fue una historia de una ida y algunas vueltas !. Como en toda 
buena historia y/o reacción, faltaría el catalizador, el nexo de unión que lo hizo posible. Me refiero 
al Dr. José Ignacio García Laureiro (junto a Nieves Marquina). De nuevo las palabras se quedan 
cortas… como mi Gandalf o Obi Wan Kenobi particular… Por su modestia y paciencia, que tanto 
me impresionó y que algún día me gustaría conseguir. Por todo lo aprendido en aquella estancia 
breve pero intensa, donde me abrió las puertas de su despacho (de forma literal), por su esfuerzo de 
no perder el contacto y su predisposición para seguir colaborando, lo que ha supuesto poder seguir 
aprendiendo de él. 
 
Me gustaría agradecer al Dr. Esteban Urriolabeitia y al Dr. Carlos Cativiela, por su ayuda y 
colaboración en la última parte de la tesis; un capitulo difícil, del que comenzamos sabiendo muy 
poco, y paso a paso, juntos, pero también de manera individual, llegamos a las mismas 
conclusiones. Para mi, esos momentos donde todo comienzo a encajar, ha sido la guinda al pastel.  
 
The acknowledgement should also be extended towards other countries. During my international 
stay at Durham University, I was lucky enough to share the lab and office with some people that I 
will never forget. They all contributed to “relativize” my time there. I got to share some good and 
some less good time, learn quite a good deal of a little bit of everything, because little things can 
make a bit difference. ! In no specific order, I would like to acknowledge ‘Dr’ Carl J. Mallia 
(along with Dra Emma Brincart), ‘Dr’ Laurens Brocken, ‘Dr’ Francesco Calogero, Dr Paolo 
Filipponi, Dr Christian Stanetty and ‘Dra’ Fanny Joubert. Thank you, for everything.  
 
A special mention goes to Prof. Ian R. Baxendale (along with Dennise Forrester) and Dr Marcus 
Baumann. I literary have no words, but I will try anyway. I cannot emphasize enough what an 
impression they both made on me. First, because I got to experience their drive for Chemistry and 
for what they do each day. To see the passion of others can fuel oneself. Seeing them in action 
really grounded me on so many levels, and that can be a good thing. I think that I now know what 
I have to do to improve. For making me rethink some of my principles and engage me to take their 
example and improve as a scientist and as a person, I have to thank them. 
 
Me falta recordar a aquellas personas que me conocen casi desde mis comienzos en la facultad. A 
algunos ya los he mencionado anteriormente, pero no son los únicos, también me gustaría recordar 
especialmente a María del Carmen Blanco y Paula Morales. Por su ayuda, amistad y apoyo 
durante esos años, por mostrarme otras forma de hacer las cosas y las pequeñas aventuras que nos 
montábamos para que las clases fueran más divertidas. Muchas gracias.  
 
Siguen faltando personas muy importantes, que gradualmente se convirtieron en pilares muy 
importantes para mi dentro y fuera de la facultad, sin contar que son las responsables de 
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convertirme en un ser algo más sociable. A la Dra. Amparo Serrano (junto con Eduardo de la 
Montaña), la Dra. María Jesús Iniesta y Juan Valera, la Dra. Yoana Rabanal y el ‘Dr’ Alberto 
Moreno, Mari Cruz y Alberto Martínez. Siendo de naturaleza tímido, todos ellos me enseñaron a 
que si me abría un poquito a la gente, y luego disfrutaba de su compañía. Por todo lo disfrutado y 
compartido, sé que siempre estaréis ahí cuando os necesite. 
 
Y todo el mundo tiene derecho a tener un pasado; lo que yo era y soy, también se lo debo con José 
Enrique Cabañas, Alejandro Martínez-Conde y el Dr. Álvaro Gargallo (junto con la Dra. María 
Garriz). En esas conversaciones, donde cada uno defendía unos puntos de vista tan diferentes que 
me forzaban (y fuerzan) a buscar explicaciones lógicas a todo ello. Y es que en cierta manera 
iniciasteis en mi el afán de racionalizar todo aquello con lo que me encuentro. Todo este tiempo 
han compartido (¡¡algunos llevan conmigo desde los 4 años en pre-escolar!!) hemos evolucionado y 
observado mi transformación, sufrido mis pobres decisiones (i.e. la película del cine) y/o otras 
muchas cosas… 
 
Finalmente queda mi familia. Mis abuelos, tíos, tías, primos…; todos han contribuido a ser lo que 
soy actualmente.  
 
También hay personas tan unidas a uno mismo, que es difícil separar dónde termina uno y 
comienza el otro; otras veces es como mirarse a un espejo que te transporta en el tiempo. Me refiero 
a mi hermana, la Dr. Alba María Rodríguez García. Se puede decir que los hermanos son las únicas 
personas con los que siempre se puede contar. Sé positivamente que puedo contar con ella siempre 
que lo necesite, sin necesidad de explicaciones. Llegar hasta aquí no ha sido fácil para ella, pero sé 
que junto con el Dr. Abel Cedeño, se han embarcado en una aventura de la que solo pueden salir 
cosas buenas !. 
 
Finalmente están mis padres, Pepa y Antonio, o Papá y Mamá. A pesar de su discreción y 
modestia detrás de TODO lo que soy, están ellos. Es imposible condensar el “trabajito” que les ha 
costado que yo llegue hasta aquí, pero es que nadie nace enseñado. Y es que TODO, TODO, 
TODO lo que hago es para MÍ: mi vida, mi propia satisfacción, mi realización personal y laboral, 
cuando la veo reflejada en el orgullo que asoma de sus ojos, ES LO QUE HACE QUE TODO 
MEREZCA LA PENA. 


