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SUMMARY IN ENGLISH

Nitrones are highly versatile compounds in organic synthesis due to their diverse
reactivity, mainly as 1,3-dipoles and electrophiles (in the presence of activating agents).
Reactions of nitrones allow a facile introduction of heteroatoms in organic compounds
and have some advantages over similar functional groups such as oximes, hydrazones
and imines. Therefore, understanding mechanisms involved in nitrone reactivity is an
extremely important goal.

Nitrone functional group consists of 3 atoms (C, N and O) that share 4 & electrons.
Their typical reactivity includes electrophilic attacks to the O atom, nucleophilic attacks
to the C atom (usually after electrophilic activation) and the most know 1,3-dipolar
cycloadditions with unsaturated systems. Furthermore, nitrones are also attractive
substrates for radical processes such as coupling reactions with unsaturated
heteroatomic multiple bonds. Even though the most important nitrone reactivity is
already known, there is still controversy regarding (i) concertedness of several
cycloaddition reactions and (ii) involvement of diradical species in particular processes.

The present Ph.D. Thesis summarizes the studies carried out on several different
nitrone-related processes. In particular, four nitrone reactions, whose mechanisms were
not fully established, have been studied through DFT and topological (ELF and NCI)
methods. The results are collected in the indicated published scientific papers. The
reactions are:

A) The mechanism of cyclodimerization of nitrones, a process apparently disallowed
by the orbital symmetry rules. Several open and closed shell mechanisms were
studied and, ultimately, we were able to prove that the reaction takes place through
a bispseudopericyclic concerted mechanism. (Org. Biomol. Chem. 2014, 12, 517).

B) The thermal E/Z isomerization of nitrones, a process observed with several
nitrones bearing electron-withdrawing groups at the carbon atom. After ruling out
both unimolecular torsional and oxaziridine-mediated mechanisms, as well as
bimolecular concerted and zwitterionic stepwise ones, we determined that the
preferred mechanism for this type of isomerization involved a dirradical C-C
coupling between two nitrone molecules. (J. Org. Chem. 2014, 79, 8358).

C) The reaction of nitrones with lithium ynolates and enolates. Some of these
reactions take place through an only kinetic step that, actually, involves a two-
stage, one-step process in which the formation of the two newly formed bonds is
sequential. NCI and ELF analyses were also carried out to study the bond
evolution along the reaction. (J. Org. Chem. 2015, 80, 4076, lythium ynolates;
Eur. J. Org. Chem. 2015, 4143, lythium enolates).
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1.- Introduccion general

1.1.- Nitronas y su reactividad

La sintesis de sistemas nitrogenados es un area de enorme importancia dentro de la
quimica organica. De entre las distintas estrategias sintéticas, cabe destacar el empleo de
iminas como sustratos de partida' utilizando una variedad de reacciones,’
principalmente adiciones nucleéfilas.’ Sin embargo, existen otros sistemas con enlace
multiple C=N, como nitronas,* oximas,’ sales de iminio® e hidrazonas;’ que también
pueden utilizarse en la preparacion de compuestos nitrogenados (figura 1).

? R
R _N. RI__N. RN R N. RI_N.
\(/ R3 \f + R3 \(/ “OH \r/ NR3 \f + R3
R2 R2 R2 R2 R2
iminas nitronas oximas hidrazonas sales de iminio

Figura 1: Principales tipos de compuestos con sistemas C=N.

El empleo de nitronas ofrece importantes ventajas respecto del resto, incluyendo las
propias iminas tan extensamente empleadas.! Son compuestos facilmente accesibles a
través de métodos bien descritos en la literatura, sencillos de manipular debido a su
elevada estabilidad y presentan una variada reactividad.* En el grupo de investigacion
donde se ha realizado esta Tesis Doctoral, se esta trabajando desde hace unos afios en el
desarrollo de metodologias de sintesis para compuestos nitrogenados, principalmente de
interés biologico, utilizando nitronas como reactivos de partida.®

La reactividad del grupo funcional nitrona es consecuencia de su estructura, un
sistema insaturado formado por tres atomos unidos linealmente (C=N*-O") que
comparten 4 electrones m. Los atomos de C, N y O constituyen un sistema 7
deslocalizado, pero, a la vez, el enlace C=N se encuentra fuertemente polarizado debido
a la presencia del atomo de oxigeno. Esta doble caracteristica hace que las nitronas,
ademas de las extensamente estudiadas reacciones de cicloadicion 1,3-dipolar,’ puedan
emplearse en reacciones de adicion nucledfila.®!'® Esta reactividad es, asimismo,
modulable gracias a la presencia del &tomo de oxigeno que permite la coordinacioén de
metales y acidos de Lewis.!! De hecho, es necesario matizar que las nitronas no son per
se electrofilos debido precisamente a que presentan un sistema © deslocalizado.* Es

a Una prueba de la particular disposicion electrénica de las nitronas se refleja en su solubilidad:
Mientras que su polaridad hace que, en muchas ocasiones, no sean solubles en éter dietilico, la
presencia del sistema nt deslocalizado hace que en la mayoria de los casos sean solubles en tolueno.
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necesaria la presencia de un agente coordinante (el metal o el acido de Lewis
mencionados) capaz de unirse al atomo de oxigeno para desplazar la densidad
electronica y hacer, ahora si, electréfilo al &tomo de carbono (figura 2).

Figura 2: Desplazamiento de densidad electrénica en nitronas por efecto de la coordinacion con un acido de Lewis.
En rojo se muestran las regiones electropositivas y, en azul, las electronegativas.

Las nitronas son capaces de participar también en diversas reacciones radicalarias de
interés sintético'? entre las que cabe destacar los acoplamientos mediados por yoduro de
samario.'® Ello es debido a la presencia del enlace N-O y su capacidad para estabilizar
un electron desapareado.'* Esta caracteristica hace que sean excelentes agentes para
spin-trapping'® y se puedan emplear para la determinacion de mecanismos de reaccion
radicalarios'®!® o como agentes terapéuticos en enfermedades donde la formacién de
radicales parece ser un proceso determinante.!”

o)
RN’
A4 ‘RZ
a) | Nu,, E* b) | Y c) | R’
\
X Y

-E .
0 et 0
1 1
RYN\RZ R N,o R\(N\R2

Nu R? R

Esquema 1: Reactividad de nitronas frente a: a) electrofilos/nucledfilos, b) sistemas insaturados (cicloadiciones
1,3-dipolares) y c) radicales.

La variada reactividad del grupo funcional nitrona mostrada, como 1,3-dipolo,
electréfilo/nucledfilo o en reacciones radicalarias (esquema 1), hace que, en no pocas
ocasiones, solo con datos experimentales, no quede claro cudl es el mecanismo de las
reacciones en las que participa. Por ejemplo, en nuestro grupo de investigacion, se ha
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encontrado recientemente que una aparentemente clasica cicloadicion de iluros de
nitrona es, en realidad, un proceso tandem de una reaccion Michael seguida de una
reaccion de tipo Mannich.!® En situaciones como esta, los estudios computacionales
pueden ser de gran ayuda y contribuir a entender con precision el mecanismo concreto
que tiene lugar en cada caso.

En la bibliografia es posible encontrar un gran nimero de estudios computacionales
relacionados con la reactividad de nitronas. Una buena parte de estos estudios estan
dedicados a diversas reacciones de cicloadiciones dipolares “clasicas”,!” mientras que
algunos menos tratan sobre reacciones de adicién nucledfila,”’ principalmente de
organometélicos.”?! En otras ocasiones, como las estudiadas en esta Memoria, la
reactividad del grupo nitrona como dipolo se encuentra muy cerca de su reactividad
como electrédfilo, e incluso de mecanismos dirradicélicos. Todo ello hace que, con
frecuencia, las reacciones con nitronas no sean lo que parecen. Por esto, resulta
fundamental llevar a cabo estudios mecanisticos en profundidad de estas reacciones que
ayuden a comprender como transcurren, permitan entender los factores que las
determinan, e incluso lleguen a predecir su reactividad y selectividad en diferentes

condiciones.

1.2.- Quimica computacional y su aplicacion al estudio de mecanismos
de reaccion

La quimica computacional es hoy una materia transversal en el estudio de las ciencias
quimicas, y como tal forma parte de muchos planes de estudio de grado y master
relacionados con la quimica. En general, se entiende por quimica computacional la
aplicaciéon de sistemas informaticos a la resolucion de problemas quimicos,
principalmente relacionados con la estructura y reactividad de los compuestos.

A pesar de que las leyes determinantes de la estructura y reactividad de los
compuestos quimicos son conocidas desde que Schrddinger formulara en 1925 su
famosa ecuacion, no ha sido hasta finales del siglo pasado que la quimica cudntica (o
teorica) pueda considerarse como una ciencia madura. Esto ha sido asi
fundamentalmente por dos razones: por una parte, la imposibilidad de resolver la
ecuacion exactamente, lo que ha obligado a desarrollar aproximaciones que limitan y
hacen imprecisa su aplicacién, y por otra, la disponibilidad de ordenadores
suficientemente rapidos y potentes para llevar a cabo los calculos correspondientes.?? El
espectacular desarrollo experimentado en los ultimos afios, ha hecho que el interés por
la quimica computacional haya transcendido del &mbito mas bésico y académico de la
quimica teorica, a campos como la biologia molecular o la farmacologia, ademas de la
quimica organica e inorgadnica. Estas aplicaciones son especialmente interesantes



cuando la investigacion en el laboratorio resulta impracticable, bien por su dificultad
(baja estabilidad de los productos o condiciones de reaccion dificiles) o bien por su alto
coste.

Una de las aplicaciones mas ttiles que el quimico organico sintético puede encontrar a
la quimica computacional es la exploracion de mecanismos de reaccion dificiles de
estudiar con técnicas experimentales, a pesar de que la realidad suele ser siempre mucho
mas compleja que cualquier calculo que intente simularla. Estrictamente, la inica forma
de comprobar la fiabilidad de un método computacional es compararlo, en ultima
instancia, con resultados experimentales de calidad. Sin embargo, el empleo de métodos
computacionales también ha llevado, en algunos casos, a reinterpretar los resultados
experimentales; avalando un mecanismo diferente del, hasta ese momento, plenamente
admitido, como ha sucedido por ejemplo con la clasica reaccion de Wittig.?

Hasta hace algunos afios, los resultados de la quimica computacional en la prediccion
de mecanismos de reaccion eran mas bien orientativos, por una serie de razones:
métodos con excesivas simplificaciones, bases de célculo demasiado pequeias, y
recursos computacionales limitados, principalmente. Sin embargo, el avance constante
en el campo de la arquitectura informatica, encargada del hardware, asi como en la
implementacion de la quimica teodrica en el software (métodos y bases de célculo) ha
hecho que lo que en tiempos eran problemas imposibles de afrontar, como por ejemplo
la modelizacion de grandes sistemas biologicos, hoy sean abordables, ya que se dispone
de herramientas mucho mas potentes para simular los sistemas quimicos. De hecho, es
posible lograr resultados cuantitativos aceptables de forma relativamente réapida
mediante DFT con las nuevas técnicas de céalculo.**

Un ejemplo de la evolucion en este campo de la quimica es el caso del funcional
hibrido B3LYP,? método estrella hace tan solo 10 afios, que hoy estd completamente
desfasado (usado por si solo). B3LYP es un método que ha proporcionado resultados
aceptables durante muchos afios en el estudio de mecanismos reaccidn, en parte por su
relativa sencillez, pero sobre todo por la compensacion de errores que se produce en
este tipo de célculo.?® Sin embargo, al ir creciendo los sistemas quimicos objeto de
estudio, se ha podido comprobar que falla al evaluar interacciones de largo alcance,
infravalorandolas.?’” Hoy en dia existen procedimientos para corregir empiricamente este
error, como los desarrollados por Grimme.?® Otra alternativa posible es el empleo de
métodos més parametrizados, como los funcionales de Minnesota desarrollados por el
grupo de Truhlar,?® de los cuales M06-2X es su maximo exponente en cuanto a la
evaluacion de interacciones no covalentes y barreras de activacion para las primeras
series de elementos representativos.

Otro aspecto muy importante de quimica computacional es la base de calculo
empleada. Las populares, altamente personalizables y pequefias bases de Pople, como
3-21G*, 0 6-311G** ** son muy econdémicas computacionalmente, pero pueden incurrir
en un gran error de superposicion de base (basis set superposition error, BSSE).’!

4



Existen formas de corregir este error, como la aproximacion del hamiltoniano quimico,
o el método de contrapeso (counterpoise). Sin embargo, actualmente es posible
minimizar considerablemente el BSSE con un uso de recursos razonable utilizando
alguna de las bases 3{ mas grandes de desarrollo mas reciente, como las de Ahlrich
(TZVP)*? 0 Dunning (cc-pVTZ).>

Por otra parte, la simulacion del disolvente resulta critica para la correcta apreciacion
de barreras energéticas cuando se simulan reacciones en disolucién,** que son la
inmensa mayoria. Este efecto es mdas acusado cuanto mayor es la polaridad del
disolvente. Antiguamente, era muy comun dar los resultados de la simulacién en fase
gas. Hoy en dia es posible incluso hacer dindmicas moleculares donde se haya incluido
explicitamente un gran nimero de moléculas de disolvente. Sin embargo, y sin
despreciar la inclusion de moléculas explicitas de disolvente cuando sea necesario,
habitualmente es posible lograr muy buenos resultados mediante modelizacion implicita
del disolvente, con aproximaciones como la del modelo del continuo polarizable
(polarizable continuum model, PCM)® o la més reciente descrita por Truhlar*® basada
en la interaccién de la densidad de carga del soluto con un modelo continuo de
disolvente (solvent model density, SMD).

Finalmente, es necesario mencionar las técnicas de andlisis topologico que, si bien
existen desde hace alglin tiempo,’’ solo recientemente se han popularizado en los
estudios mecanisticos de las reacciones organicas: AIM,*® ELF*® y NCL* En una
primera aproximacion, estas técnicas son capaces de transformar la densidad electronica
y sus flujos en conceptos de manejo habitual en quimica. “Atomos en moléculas”
(atoms in molecules, AIM) encuentra los atomos presentes en la molécula y, a partir de
ahi, proporciona informacién sobre los enlaces presentes en el sistema. La funcion de
localizacion electronica (electronic localization function, ELF) encuentra los pares de
electrones presentes en el sistema (electrones internos, enlaces covalentes y pares
libres), y es capaz de seguir su evolucion a lo largo de una reaccion, resultando muy util
para determinar el momento de formacion de los enlaces quimicos. Mediante ELF es
posible conocer exactamente como los flujos electronicos provocan cambios en los
enlaces.*! En la bibliografia se pueden encontrar varios ejemplos que demuestran su
utilidad.*? El andlisis de las interacciones no covalentes (non-covalent interactions,
NCI), la técnica de desarrollo mas reciente, es una herramienta muy util*® para
visualizar de una forma muy intuitiva enlaces de hidrogeno, repulsiones estéricas y otras
interacciones débiles.** Dado que ELF proporciona informacion de la zona donde se
localizan los electrones (enlaces y pares no compartidos) y las NCI tienen lugar donde
la densidad electronica es menor, podemos considerar que ambas herramientas son
complementarias cubriendo todo el rango de interacciones electronicas.

Todos estos avances permiten hoy en dia estudiar los mecanismos de las reacciones
quimicas de forma mucho mas detallada y fiable que hace unos afios, haciendo posible
la determinacion, en la mayor parte de los casos, del mecanismo preciso de la reaccion y
sus aspectos estereoquimicos completamente.
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2.- Objetivos de la investigacion

Como ya se ha comentado, la diversa reactividad del grupo funcional nitrona hace que,
en algunos casos, diferentes mecanismos puedan ser propuestos para explicar el
producto final de una reaccion dada. Tampoco hay que obviar que las caracteristicas

estéricas o electronicas de los reactivos, o bien el medio de reaccion, pueden ser los

responsables de determinar el mecanismo que realmente opere en cada caso.

En este contexto, el principal objetivo de esta Tesis Doctoral ha sido determinar

computacionalmente el mecanismo de diversas reacciones de nitronas, en las que no
existia una propuesta mecanistica precisa, no estaba suficientemente avalada, o parecia

erronea.

En particular, se han estudiado las siguientes reacciones:

1)

2)

3)

Ciclodimerizacion en nitronas.

Este proceso ocurre a pesar de estar aparentemente prohibido por la simetria
orbitdlica ya que puede parecer una ciclacion térmica [4+4]. El objetivo del
trabajo era determinar si realmente se violaba la prohibicion de la simetria

orbitdlica o existia alguna otra explicacion a través de un mecanismo
concertado o por pasos, de capa cerrada o abierta.

Isomerizacion térmica £/Z de nitronas.
Esta reaccion ocurre para algunas nitronas en ausencia total de luz. Se

pretendia determinar si el mecanismo era unimolecular o bimolecular, o si
entre las especies participantes se podia encontrar algtn tipo de radicales.

Cicloadicién de nitronas con a) inolatos de litio, o b) enolatos de litio.

Es conocido que las nitronas dan reacciones de cicloadicion con inolatos y
enolatos de litio. Estas reacciones pueden ser concertadas o por pasos,
proporcionando en ambos casos el mismo producto final. El objetivo del
trabajo realizado era estudiar con detalle el proceso de formacion de los enlaces

quimicos, poniendo especial énfasis en su grado de concierto (magnitud y
extension de la formacion de uno respecto al otro).

La finalidad ultima de la investigacion descrita en esta Memoria ha sido obtener

informacion precisa de los distintos mecanismos implicados en las reacciones
estudiadas y la posibilidad de extrapolar dicha informacioén a las reacciones que se
llevan a cabo en el laboratorio de investigacion donde se ha realizado el trabajo.






3.- Metodologia utilizada

Para el estudio de las reacciones planteadas se emplearon diversos métodos
computacionales, basados en la simulacion de los sistemas quimicos iz silico, y calculo
de las diferentes propiedades termodindmicas asociadas a las mismos: energias de
reaccion y barreras de activacion, principalmente. Ademas, una vez obtenidos los
diferentes caminos de reaccion, en algunos casos se estudid la topologia de la reaccion
para determinar como el flujo y la disposicion de los electrones en los diferentes
estadios de la reaccion afectan a la misma. Los programas informaticos que hicieron
esto posible estan implementados en diversos ordenadores del grupo, asi como en los
clusteres de supercomputacion situados en el Instituto de Biocomputacion y Fisica de
Sistemas Complejos (BIFI, Universidad de Zaragoza). También fue de suma
importancia el desarrollo de scripts, o archivos informaticos de oOrdenes para
procesamiento por lotes, con el fin de extraer y procesar de forma eficiente la
informacion necesaria de la ingente cantidad de datos generados en los célculos
realizados.

Todos los calculos no topologicos se llevaron a cabo con el programa Gaussian09,
revision D.01.* La optimizaciéon de las geometrias moleculares de las especies
implicadas (minimos o estados de transicion) se realizé con el funcional M06-2X,* el
cual ya ha demostrado su fiabilidad en el célculo de energias de activacion,*’ en
conjuncion con una base de Dunning.>*®33¢%® Usualmente, para los primeros tanteos se
utilizo la base 2( cc-pVDZ, pero los célculos definitivos cuyos datos aparecen en las
publicaciones se efectuaron en 3( con cc-pVTZ. En algun caso se consider6 el uso de
aug-cc-pVTZ, pero la inclusion de funciones difusas elevaba considerablemente el coste
computacional, sin arrojar resultados sensiblemente mejores. Ademas, se ha descrito
que el uso de una base minimamente aumentada como cc-pVTZ es apropiada para la
estimacion de barreras energéticas,* por lo que M06-2X/cc-pVTZ se convirtié en
nuestro estandar.

Sobre cada estructura encontrada correspondiente a un punto estacionario se efectud
un célculo de frecuencias con el fin de clasificarla como minimo de energia o estado de
transicion (ET), asi como para conseguir las correcciones termoquimicas a la energia
que nos permitieron evaluar AG, usando para ello las frecuencias sin ningtin escalado.
En el caso de encontrarnos frente a especies dirradicalicas, se llevdo a cabo una
correccion mediante proyeccion de spin con el fin de evitar la contaminacion del estado
singlete con estados de multiplicidad superior.®® Sin embargo, ninguna de las energias
empleadas en la discusion lleva dicha correccion, ya que su efectividad no ha sido
demostrada por completo,’>!
ultimo, el disolvente de la reaccion para cada sistema se simuld implicitamente
mediante el modelo del continuo polarizable (polarizable continuum model, o PCM).>?
Ademés, en las dos ultimas investigaciones, se consider6 necesario modelizar

e incluso ha sido desaconsejada en calculos DFT.>? Por



explicitamente el disolvente (THF) que rodeaba al 4&tomo de litio mediante la inclusion
de moléculas de dimetil éter.

Mediante el andlisis de la coordenada de reaccion (intrinsic reaction coordinate,
IRC)** aplicados a cada ET se comprobé que todos ellos unian los reactivos y productos
correspondientes. Para el célculo de los IRCs se us6 el algoritmo HPC (Hessian based
predictor-corrector) de Hratchian-Schlegel.> Adicionalmente, en los casos en los que
se pretendia llevar a cabo ulteriores estudios topologicos se procesod la geometria de
cada punto del IRC independientemente, obteniéndose archivos de tipo WFN

conteniendo la informacion de la funcion de onda en cada punto para su posterior uso.

Las interacciones no covalentes (non-covalent interactions, NCI)***® fueron
calculadas a partir de dichos WFNs mediante el programa NCIPLOT, version 3.0.°7 Se
fij6 un tope de 0.1 a.u. para la densidad electronica (p), las isosuperficies se crearon
para un valor de gradiente reducido (s) igual a 0.4, y se colorearon en escala RGB en

funcion del valor de p%, entre -0.02 y 0.02 a.u. Los resultados se visualizaron con el
2

software VMD.8

También a partir de los WFNs se calculo la funcion de localizacion electronica
(electron localization function, ELF)> utilizando el programa TopMod09.%° En el caso
de representacion visual de isosuperficies, se utilizo un valor de corte de 0.85 y el
software VMD citado anteriormente. Para procesar la informacion relativa a
poblaciones electronicas se utilizo una hoja de calculo, y para monitorizar la evolucion
de las cuencas, GaussView, version 5.°' Este tltimo programa también se empled para
visualizar los resultados de Gaussian09 (geometrias moleculares, modos de vibracion e
IRCs).

Para la inclusion de imagenes en las publicaciones se utilizé el programa CylView.®
Para la generacion de animaciones, las imagenes obtenidas con VMD o GaussView de
todos los puntos de un IRC dado se unieron en una animacion GIF.
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4.- Discusion de resultados - Trabajos publicados

Este apartado se presenta dividido en cuatro subapartados, correspondientes a los
cuatro articulos publicados de los que consta esta Memoria. En cada uno de ellos se hara
un repaso de los conocimientos y experiencias previas al inicio del trabajo, hipotesis de
partida, metodologia empleada, principales problemas encontrados y resueltos vy,
finalmente, las conclusiones obtenidas en el trabajo realizado. Al final de cada
subapartado, se incluye la publicacion original a la que dio lugar el trabajo presentado.

4.1.- Dimerizacion de nitronas

La cicloadicion 1,3-dipolar es una reaccion periciclica tipica que, siguiendo las reglas
de Woodward y Hoffmann, involucra [47ms + 27s] electrones. En quimica sintética es
muy comun el uso de reacciones de cicloadicion (3 +2)* de 1,3-dipolos con sistemas
insaturados, como olefinas o alquinos, para construir heterociclos de 5 miembros.®
Algunos de los dipolos mas utilizados son los 6xidos de nitrilo y las nitronas, los cuales
conducen a isoxazolinas e isoxazolidinas, respectivamente, tras su adicion a alquenos.

Los 6xidos de nitrilo pueden dimerizar con facilidad para dar ciclos de 5 miembros
(furoxanos, 2-0xido de 1,2,5-oxadiazol) segun se muestra en el esquema 2. Inicialmente
se propusieron dos tipos de mecanismos para esta reaccion: un proceso concertado
consistente en una reaccion de cicloadicion 1,3-dipolar, y un mecanismo por pasos (de
capa cerrada), donde la primera etapa suponia la formacién de un enlace entre los dos
atomos de carbono para dar un dinitrosoalqueno como intermedio. Finalmente, Houk,
utilizando célculos DFT, pudo establecer que la reaccion tenia lugar por pasos, pero a
través de un intermedio con carécter dirradicélico.%*

En comparacion con los 6xidos de nitrilo, el proceso de dimerizacion de nitronas es
mucho menos frecuente y presenta un resultado muy diferente. De hecho, se ha
observado solamente en unos pocos casos, correspondientes a nitronas ciclicas, y se
forman compuestos ciclicos de 6 miembros (1,4,2,5-dioxadiazinanos), a diferencia de
los anillos de 5 encontrado en el caso anterior (esquema 2).%°

& Se ha seguido la recomendacion de la IUPAC de escribir entre corchetes los electrones implicados de
cada fragmento y, entre paréntesis, el nimero de atomos linealmente conectados de cada fragmento.
En este caso, por ejemplo, hablamos de una reaccion de [4 + 2] electrones, pero donde (3 + 2) 4atomos
linealmente conectados se ven implicados. Ver: IUPAC. Compendium of Chemical Terminology, 2nd ed.
(the "Gold Book"). Compiled by A. D. McNaught and A. Wilkinson. Blackwell Scientific Publications,
Oxford (1997). XML on-line corrected version: http://goldbook.iupac.org (2006-) created by M. Nic, J.
Jirat, B. Kosata,; updates compiled by A. Jenkins. ISBN 0-9678550-9-8

11



O+ o~
N~ N-O

o+ - g Mecanismo
2 R—=N-0O H bien establecido
R R
furoxanos
(2-6xido de 1,2,5-oxadiazol)
Rz*N’o\ \ ‘/F?z_ No
encontrado
R1 R1
) R1/§ltl’R2 2-Oxido de 1,2,5-oxadiazolidina
|
O_
2 1
R\N/O\rR Mecanismo
J\ N desconocido
R ~0" 'R2

1,4,2,5-dioxadiazinanos

Esquema 2: Productos obtenidos en la dimerizacion de éxidos de nitrilos y nitronas.

Inicialmente, la explicacion de esta dimerizaciéon (3 +3) era objeto de cierta
controversia, ya que el proceso parecia, formalmente, una cicloadicion térmica
[4ms + 47ms], desfavorecida por la simetria orbitdlica, y no habia hasta esa fecha
evidencias experimentales o tedricas al respecto. Ali y colaboradores habian estudiado
la ciclodimerizacion de varias nitronas de 6 miembros, pero se habian centrado sélo en
aspectos configuracionales y conformacionales de la misma.%® A pesar de que también
hicieron una propuesta mecanistica, ésta no estaba soportada por datos experimentales
ni tedricos, por lo que era deseable llevar a cabo su comprobacion. Dicha propuesta
consistia en una cicloadicion [47s + 27s] en la que una de las nitronas actuaba como
dipolo y la otra como dipolardfilo, para dar como intermedio 4-6xido de
1,2,4-oxadiazolidina, que posteriormente isomerizaba a través de una reaccion de
expansion de anillo. Esta isomerizacion era una transposicion [1,2] de tipo
Meisenheimer y, en principio, requeriria condiciones enérgicas para llevarse a cabo.®’

A la vista de lo anterior, se decidi6 llevar a cabo un estudio computacional para
determinar el mecanismo de la reaccion de dimerizacion de nitronas. El estudio se inicio
considerando como modelo la nitrona més sencilla, N-6xido de metanimina, y las rutas
mostradas en el esquema 3, tanto en fase gas como en disolvente.

Se estudi6 un mecanismo concertado, la cicloadicion (3+3) (ruta A), y tres
mecanismos por pasos (rutas B, C y C’). La ruta B se corresponde con la propuesta de
Ali (cicloadicion 1,3-dipolar y expansion de anillo), mientras que las restantes proponen
la formacion inicial de un enlace C-O, bien para dar un intermedio dirradicélico (ruta
C), o bien un intermedio zwitterionico (ruta C’). La ruta C puede considerarse en cierta
medida analoga al mecanismo encontrado para 6xidos de nitrilo, pero con acoplamiento
C-0 en vez de acoplamiento C-C.
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Esquema 3: Mecanismos estudiados para la reaccion de dimerizacion de nitronas.

Un resumen general con las conformaciones mas estables de cada posible mecanismo
se puede ver en la figura 3. Asimismo, en la publicacion original se muestran todas las
rutas con las estructuras detalladas de cada punto estacionario y su energia.

La dimerizacion a través de una cicloadicion concertada (ruta A) resultd ser,
sorprendentemente, el mecanismo energéticamente mas favorable. Se encontraron dos
ETs (isomeros conformacionales entre si) conducentes al producto final por la ruta A: el
primero llevo a una estructura silla mas estable (C1), y el segundo a una estructura twist
(T1), siendo el ET-twist el preferido, con una barrera de 33 kcal/mol en disolucion
(figura 3, ruta azul). El equilibrio conformacional entre ambos dimeros se puede
establecer con facilidad en el producto final a través de la inversion piramidal de uno de
los 4&tomos de nitrogeno y un pequefio reajuste conformacional para pasar de twist a silla
(o viceversa).
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Figura 3: Resumen energético de todas las rutas estudiadas en la dimerizacién para el modelo mas sencillo. El primer valor corresponde a la AG en fase gas, y el valor entre paréntesis a la AG

en disolvente (diclorometano). Las estructuras mostradas corresponden a los minimos de energia representativos de las diferentes rutas.
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Para el resto de las rutas se localizaron los intermedios y estados de transicion
correspondientes, pero en todos los casos resultaron ser de mayor energia. Se calculo el
perfil energético de la reaccion de cicloadicion 1,3-dipolar indicada en la ruta B tanto en
capa cerrada (concertada, figura 3, ruta verde), como abierta (dirradicalica por pasos,
figura 3, ruta naranja), hasta llegar al cicloaducto (endo o exo); pero el subsiguiente
ataque del atomo de oxigeno exociclico, para dar una expansion de anillo, no pudo ser
encontrado. Las exploraciones realizadas de la superficie de energia potencial apuntan a
que, de existir, deberia estar a mas de 50 kcal/mol de los reactivos iniciales. Esto
descartaba por completo la propuesta de Ali.

Por su parte, la ruta C, consistente en el acoplamiento dirradicalico C-O, resulté menos
energética que la B, pero su etapa limitante (la primera), con una barrera de 39 kcal/mol
en disolucidn, resulta también mas energética que el mecanismo concertado (figura 3,
ruta roja).

Finalmente, cabe destacar que un supuesto mecanismo zwitterionico (ruta C’) queda
fuera de toda cuestion, ya que solo se pudo localizar uno de los intermedios, y su
energia era exorbitada: muy superior a la de los ETs del resto de mecanismos.

También es interesante remarcar la energia del acoplamiento dirradicalico C-C, el cual
se estudid por analogia al mecanismo de dimerizacion de 6xidos de nitrilo (figura 3, ruta
fucsia). Curiosamente, los ETs encontrados fueron los mas bajos, con barreras del orden
de 20 kcal/mol; sin embargo, el producto obtenido era inestable a la ciclorreversion, asi
que se trataria de una via muerta. No obstante, la informacidén obtenida con estos
calculos guarda relacion con el trabajo descrito mas adelante en el apartado dedicado al
proceso de isomerizacion de nitronas. En la tabla 1 se resumen las aproximaciones
estudiadas y las barreras energéticas de la etapa limitante en cada caso.

Tabla 1: Barreras energéticas (kcal/mol) de la etapa limitante, en diclorometano, para cada una de las
aproximaciones estudiadas (figura 3) para la dimerizacién de nitronas.

AG (kcal/mol)
Ruta A (cicloadicion concertada) 33.2
Ruta B (cicloadicion 1,3-dipolar) >50
Ruta C (acoplamiento C-O dirradicalico) 39.0
Ruta C’ (mecanismo zwitterionico) >50
(acoplamiento C-C dirradicalico) 20.4

Una vez realizado el estudio completo para la estructura modelo, se decidié ampliarlo
a la nitrona ciclica de la que se tenian datos experimentales: N-0xido de
2,3,4,5-tetrahidropiridina. Esta nitrona dimeriza para dar el compuesto triciclico
indicado en el esquema4, con un anillo central de 1,4,2,5-dioxadiazinano, cuya
estructura presenta los tres ciclos con conformacion silla y fusion trans-trans entre
ellos.
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Esquema 4: Dimerizacién de N-éxido de 2,3,4,5-tetrahidropiridina.

Este segundo estudio con la nitrona “real” confirmé los resultados obtenido con el
modelo simplificado: La ruta concertada directa (ruta A) es la preferida, la cual
proporciona el producto final a través de un ET-twist y una serie de pequefios cambios
conformacionales. Las rutas B y C resultan aun mas dificiles para esta nitrona, por lo
que el mecanismo queda establecido inequivocamente. La tnica pregunta que quedaba
por contestar era la razon de la preferencia por este mecanismo, que aparentemente
deberia estar desfavorecido de acuerdo con las reglas de Woodward y Hoffmann de
conservacion de la simetria orbital.

Una interpretacion cldsica considerando los orbitales implicados en la dimerizacion
indicaba que no son los 4 electrones del sistema © de la nitrona los que participan en la
reaccion, sino que lo hacen 2 de ellos, y otros 2 de los pares no compartidos que tiene el
atomo de oxigeno. La reaccion de ciclodimerizacion (3 + 3) es, por tanto, una reaccion
bispseudopericiclica implicando [2n2m + 2n2m] electrones, y en la que no hay
deslocalizacion ciclica circular completa de los mismos (figura4), sino dos
deslocalizaciones semicirculares simultaneas.

— Q09 00 Q
LUMO W  H,C—NH—O O—NH—CH,

0 ¢ °9
0 O Qo

HOMO b O—NH—CH, H,C—NH—O
S 000 0°9Q
(a) (b) (b')

Figura 4: Flujo de electrones en un sistema dador-aceptor estandar (a) y en el sistema formado por dos nitronas (b y
b’, siendo cada figura representativa de la mitad de la circulacién ocurrente).
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Las reacciones pseudopericiclas? son bien conocidas® y entre ellas cabe destacar
varios procesos de dimerizacion.*” En 2007, Chamorro y col.”’ elaboraron una escala
teorica basada en analisis ELF para clasificar la naturaleza de las reacciones periclicas y
pseudopericiclicas.

En resumen, el estudio computacional realizado ha permitido proponer una
explicacion razonable para la reaccion de ciclodimerizacién de nitronas. Este estudio
muestra que, tanto para el modelo simplificado como para el caso real, en fase gas o en
disolvente, el proceso (3 + 3) concertado es favorable energéticamente sobre el resto de
alternativas propuestas. La aparente violacion de las reglas de Woodward y Hoffmann,
no es tal, ya que la reaccion transcurre a través de un doble ataque simultaneo, del
atomo de oxigeno nucledfilo de una molécula al atomo de carbono electréfilo de la otra.

A continuacion, se presenta una copia del trabajo publicado.

¥ Una reaccion pseudopericiclica es una transformacion concertada en la que los cambios de enlace tienen lugar a
través de una disposicion ciclica de atomos en los que en uno o mas de ellos los orbitales enlazantes y
antienlazantes intercambian sus papeles. Un ejemplo es la prototropia de la acetilacetona. Ver: IUPAC.
Compendium of Chemical Terminology, 2nd ed. (the "Gold Book"). Compiled by A. D. McNaught and A. Wilkinson.
Blackwell Scientific Publications, Oxford (1997). XML on-line corrected version: http://goldbook.iupac.org (2006-)
created by M. Nic, J. Jirat, B. Kosata; updates compiled by A. Jenkins. ISBN 0-9678550-9-8. doi:10.1351/goldbook.
Last update: 2014-02-24; version: 2.3.3. DOI of this term: doi:10.1351/goldbook.P04932
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[2n27% + 2n27] Cycloadditions: an alternative to
forbidden [4xt + 47t] processes. The case of nitrone
dimerizationt

David Roca-Lopez,® Tomas Tejero,? Pierluigi Caramella® and Pedro Merino*?

A theoretical study based on (U)M06-2X/cc-pVTZ calculations has been used to investigate the [3 + 3]
thermal dimerization of nitrones to 1,4,2,5-dioxadiazinanes in both the gas phase and in dichloromethane
solution. Calculations suggest that dimerization of nitrones takes place through a concerted mechanism
involving a formal disallowed [4r + 4x] cycloaddition with a free energy barrier of 30.8 kcal mol™. The
corresponding diradical and zwitterionic stepwise mechanisms have also been studied, but the located
transition structures are kinetically disfavoured. An alternative mechanism through a five-membered ring
intermediate formed by a classical [3 + 2] dipolar cycloaddition can also be discarded. The five-mem-
bered ring intermediate is unstable to cycloreversion and its isomerization to the final dioxadiazinane
involves a high free energy barrier (68.6 kcal mol™). Calculations also show that the dimerization process
is slower in dichloromethane than in the gas phase owing to the larger polarity of nitrones and that
inclusion of diffuse functions at the studied level does not modify the observed results. The apparently
disfavoured [3 + 3] dimerization of nitrones can actually be explained as a bispseudopericyclic [2n2x +
2n2x] process in which the favourable FO interactions between the nitrone oxygen and the C=N =*
bypass the WH-forbidden process.

Introduction

The [3 + 2] cycloaddition reaction of 1,3-dipoles with olefinic
dipolarophiles is one of the best known and most widely used
methods for constructing five-membered heterocycles." The
reaction follows the Woodward-Hoffmann orbital symmetry
rules. Among the most used 1,3-dipoles are nitrile oxides and
nitrones leading to isoxazolines and isoxazolidines, respect-
ively. Nitrile oxides 1 easily dimerize to give furoxans 2
through a stepwise mechanism via dinitrosoalkene diradicals
as elucidated by Houk and co-workers.” Nitrones 3 also
dimerize but to form 1,4,2,5-dioxadiazinanes 4 instead of the

“Laboratorio de Sintesis Asimétrica, Departamento de Sintesis y Estructura de
Biomoléculas, Instituto de Sintesis Quimica y Catdlisis Homogénea (ISQCH),
Universidad de Zaragoza, CSIC, E-50009 Zaragoza, Aragon, Spain.

E-mail: pmerino@unizar.es; Fax: +34 976 509726; Tel: +34 876 553783
Dipartimento di Chimica Organica, Universita degli Studi di Pavia, Viale Taramelli,
10, 27100, Pavia, Italy

T Electronic supplementary information (ESI) available: Details on conformation-
al itineraries; absolute (hartrees) and relative (kcal mol™) electronic and free
energies at (UMO06-2X/cc-pVTZ, (UMO6-2X/aug-cc-pVTZ and PCM(DCM)/
(UIM06-2X/cc-pVTZ levels of theory, including spin corrected energy values in
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corresponding five-membered 1,2,5-oxadiazolidine-2-oxides 5
(Scheme 1).

Similar behavior has been observed for azomethine imines
6 which also dimerize, through a formal [3 + 3] cycloaddition,
to give 1,2,4,5-tetrazinanes 7.*

Contrary to the widely recognized dimerization of nitrile
oxides, the analogous process with nitrones (and azomethine
imines) is a rarely reported event witnessed previously in a few
cases of cyclic nitrones. The explanation for these [3 + 3]
cyclodimerizations is still controversial, especially because the
dimerization process consists of an apparent unfavoured
thermal [4n + 4x] cycloaddition reaction. In a recent report, Ali
and co-workers investigated the cyclodimerization of several
six-membered nitrones and proposed an alternative mechanis-
tic rationale based on the formation of an intermediate 1,2,4-
oxadiazolidine-4-oxide through a classical allowed [4n + 27|
cycloaddition reaction followed by a ring enlargement.’

Nevertheless the detailed mechanism is not known and no
experimental or theoretical support is given. As a consequence,
no information exists to date about the electronic and steric
effects on dimerization of nitrones and the nature of the tran-
sition state(s) for such processes.

In this paper, we report DFT studies (both open- and
closed-shell) on the dimerization of nitrones by using a simple
model and further applying it to the dimerization of 2,3,4,5-
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tetrahydropyridine-1-oxide. Contrary to the formation of furo-
xans from nitrile oxides, theoretical studies predict that the
formation of 1,4,2,5-dioxadiazinanes from nitrones takes place
through a concerted mechanism.

Computational methods

All the calculations were performed using the Gaussian09
program.® Molecular geometries were optimized with the M06-
2X functional” in conjunction with both cc-pVITZ and aug-cc-
PVTZ basis sets,® in order to compare differences by including
diffuse functions. Analytical second derivatives of the energy
were calculated to classify the nature of every stationary point,
to determine the harmonic vibrational frequencies, and to
provide zero-point vibrational energy corrections. The thermal
and entropic contributions to the free energies were also
obtained from the vibrational frequency calculations, using
the unscaled frequencies. All the located transition states were
confirmed to connect to reactants and products by intrinsic
reaction coordinate (IRC) calculations.’ For all diradical tran-
sition states and intermediates, a spin-projection scheme has
been used to estimate the energies of singlet diradical structures.*
However, the corresponding free energies are given without
spin-correction since its effectiveness has not been completely
demonstrated™* (for a complete list of energy values after spin
correction see ESIt). Full optimization calculations have been
carried out both in the gas phase and considering solvent
effects (CH,Cl,) with the PCM model."”” The study has been

518 | Org. Biomol Chem.,, 2014, 12, 517-525

20

Organic & Biomolecular Chemistry

carried out, firstly, with a model consisting of the simplest
nitrone, methanamine N-oxide 8." Secondly, the system has
been improved and the full real model consisting of 2,3,4,5-tetra-
hydropyridine-1-oxide has been used.

Results and discussion
Dimerization of methanamine N-oxide

Four paths can be proposed for the dimerization of nitrone 8
to dioxadiazinane 9 (Scheme 2): (i) a concerted mechanism A
corresponding to a [3 + 3] cycloaddition reaction involving a
formal disallowed [4r + 4x] process; (ii) a mechanism B,
suggested by Ali and co-workers,” consisting of the initial for-
mation of a five-membered intermediate 10 through a typical
allowed 1,3-dipolar cycloaddition in which one molecule of
nitrone acts as a dipole and the other one plays the role of a
dipolarophile, followed by a second step in which intermediate
10 isomerizes to 9 through an intramolecular attack of the exo-
cyclic oxygen atom. The latter concerted isomerization is a
[1,2] sigmatropic shift of the Meisenheimer variety and it is
disallowed according to the Woodward-Hoffmann rules. The
[1,2] Meisenheimer rearrangement takes place under rather
forcing conditions by cleavage of the N-alkyl (typically
N-benzyl) to a diradical couple which recombines affording
the rearranged isomer;'* (iii) a diradical (open-shell) mechan-
ism C via intermediate 11a or (iv) an alternative zwitterionic
(closed-shell) mechanism C’ through intermediate 11b.

In summary, the dimerization takes place with at least one
disallowed step (mechanisms A and B) or through diradical or
zwitterionic intermediates (mechanisms C and C'). Note that
mechanisms B, C and €’ may combine since intermediate 10
is connected to intermediates 11a and 11b by homolytic or
heterolytic cleavage of the C-N bond.

When we studied mechanism A, two transition states TS1
and TS2 were located for the concerted formation of 9. Both
transition structures correspond to endo (TS1) and exo (TS2)
approaches™ leading to twist and chair conformations of 9,
respectively. The free energies (PCM = CH,Cl»/M06-2X/cc-
pVTZ) associated with TS1 and TS2 are 33.2 and 34.4 kcal
mol ™", respectively. The geometries of the optimized TSs
present similar C-O forming-bond distances (2.030 and 2.044
A) (Fig. 1).

In both cases the process is completely synchronous as
expected from the symmetry of the system. The reaction is
exergonic (—8.3 keal mol ") and calculations predict the prefer-
ential formation of twist T1 through the more stable TS1.
Interconversion of twist T1 into chair C1 has also been calcu-
lated and it can be carried out through a typical conformation-
al course (see ESIT).

To investigate mechanism B we have located the corres-
ponding transition structures TS3 and TS4 leading to 10
through a typical asynchronous concerted 1,3-dipolar cyclo-
addition. Calculations feature two approaches, endo and exo,
corresponding to the formation of F1 (vie TS3) and F2 (via
TS4), respectively (Fig. 1). F1 and F2 are two invertomers of 10

This journal is © The Royal Society of Chemistry 2014
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differing in the relative orientation between the hydrogens
attached to both nitrogen atoms (trans for F1 and cis for F2).
The forming C-N and C-O bonds in TS3 are 2.302 and
1.746 A, and in TS4 are 2.311 and 1.678 A, respectively. Those
forming bond lengths are in agreement with asynchronous
concerted processes in both cases. The calculations predict
essentially the same energy barrier for endo (30.3 kcal mol™)
and exo (30.2 kcal mol™) approaches. These energy barriers
are lower by ca. 3 kcal mol™ than those found for the con-
certed [3 + 3] dimerization (Scheme 2, mechanism A).

The allowed [3 + 2] cycloaddition is kinetically more favour-
able than the [3 + 3] dimerization but it is thermodynamically
disfavoured since the 1,2,4-oxadiazolidine-5-oxides F1 and F2
are fleeting intermediates unstable to cycloreversion. The
intramolecular ring enlargement of 1,2,4-oxadiazolidine-5-
oxide 10 to the experimentally observed 1,4,2,5-dioxadiazinane
9 involves a very high barrier. Unfortunately, no transition
state for the formation of 9 from 10 could be found starting
from either F1 or F2. However, a scan of the potential energy
surface for such a transformation revealed that a minimum
value of the corresponding transition states should be higher
than 50 keal mol ™, thus rendering the process unfavourable.'®

Accordingly, the rate-limiting step for the dimerization of
nitrones through the formation of 10 is the isomerization of
such an intermediate to 9, a process clearly higher in energy
than the concerted process (Scheme 2, mechanism A). This
point has been corroborated by locating the corresponding
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transition structure for the dimerization of cyclic nitrones as
described below.

We have also investigated the formation of 9 through the
stepwise mechanisms (Scheme 2, mechanisms C and C’). The
diradical intermediate D1 (11a) and the corresponding tran-
sition structure could be located. The corresponding zwitterio-
nic intermediate Z1 (11b) was also located but it lies too high,
18.4 kcal mol™" above intermediate 11a, making the zwitterio-
nic path untenable. The diradical intermediate D1 (11a) lies at
33.2 keal mol™" above the reactants, at the same energy of the
lowest TS1 of the concerted path. The formation of diradical
intermediate D1 takes place however via transition state TS5
with a barrier of 39.0 kcal mol™ (Fig. 2)'” with a forming C-O
bond of 1.566 A. TS5 is 5.8 kecal mol™* higher than the lowest
TS1 of the concerted mechanism A. Consequently, at this
point, calculations rule out a determining role of the diradical
path in the dimerization, too.

In D1 the two nitrogen atoms adopt an anticlinal orien-
tation with a dihedral angle N-O-C-N of 168.3° and are con-
nected to the dioxadiazinane chair C1 through rotation around
the newly formed C-O bond to afford D2, in which the di-
hedral angle N-O-C-N is 53.7°. The barrier height for this
rotational step (through TS6) is only 1.4 kcal mol™". Finally, an
intramolecular radical coupling of D2 generates chair C1 via
formation of the second C-O bond. The transition state TS7 is
shown in Fig. 2 and the free energy for this step is 4.6 kcal
mol™". The length of the C-O forming bond in TS7 is 2.499 A.
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The diradical intermediate D1 (11a) is also connected to the
five-membered ring 10 by forming the N-C bond.'® The
rotational TS8 affords D3, which rearranges into F1 with a
practically non-existing barrier TS9 (0.4 keal mol ™). The located
TS9 is also a diradical species with one electron mainly on the
terminal oxygen and the other one delocalized between the
terminal carbon atom and the adjacent nitrogen. The forming
N-C bond length is 2.551 A and the two nitrogen atoms are in a
synclinal conformation with a dihedral angle N-O-C-N of —23.9°.

Again, even though it is possible to consider a mechanism
involving the formation of F1 followed by a stepwise diradical
Meisenheimer rearrangement to the dioxadiazinane C1
through the fleeting equilibrating diradicals D1, D2 and D3,
the rate-determining step is the high lying barrier of TS7
(36.8 keal mol™), which is 3.6 kcal mol " higher than the
lowest TS1 of the concerted mechanism A, rendering the
whole process unfavourable.

520 | Org. Biomol Chem., 2014, 12, 517-525

In order to compare the process with the previously
reported one for nitrile oxides by Houk and co-workers,” we
also investigated the diradical coupling of nitrones through
carbon atoms en route to the hitherto not observed 1,2,5-oxa-
diazoline-2-oxides 13. We modeled the formation of 13
through diradical 12 (Scheme 3). In nice agreement with
Houk’s results on nitrile oxides, the intermediate diradical D4
(12) forms easily through TS10 with a remarkably lower barrier
than that of TS5 (by 18.6 keal mol™", Fig. 2), but is unstable to
reversion (1.6 keal mol™" above the addends). The forming C-
C bond in TS10 is 2.027 A. Intermediate D4 adopts an orien-
tation with a dihedral angle N-C-C-N of —61.6° in which the
nitrogen atoms adopt a gauche relative disposition.

The formation of the final 1,2,5-oxadiazoline-2-oxide F3
(13) takes place through transition state TS11 which showed a
N-O forming bond of 1.954 A. Compound F3 is less stable
than the corresponding diradical D4 by 13 keal mol™". The
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different behavior observed for nitrones with respect to nitrile
oxides might be due to the instability of the corresponding
five-membered dimer F3 whose formation is thermodynami-

cally disfavoured with respect to C1.
In summary, we have considered for the methanamine

oxide model both direct and two-step dimerization processes
being calculated in closed- and open-shell environments. The
inclusion of diffuse functions does not modify the results
obtained at a triple Z level (see ESIT). In general, the activation
energies in DCM increase between 3-4 kcal mol™ for con-
certed mechanisms and 5-6 kecal mol ™ for diradical processes.

This journal is © The Royal Society of Chemistry 2014
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The preliminary data indicate that the process is favoured
through the concerted (closed-shell) pathway represented in

Fig. 1 (Scheme 2, mechanism A).
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Dimerization of 2,3,4,5-tetrahydropyridine-1-oxide

We have also investigated the classical case of the dimerization
process of the cyclic nitrone 14 which leads to the tricyclic
dioxadiazinane 15 (Scheme 4). In 1956 early attempts to
prepare the 2,3,4,5-tetrahydropyridine-1-oxide by oxidation of
N-hydroxy-piperidine afforded only the dimer 15.** The
dimeric structure was attributed on the basis of cryoscopy.
Later an X-ray structure determination confirmed the dimeric
structure, which is all-trans, having trans-trans ring fusion.>”
Only three decades later the 2,3,4,5-tetrahydropyridine-1-oxide
14 could be obtained by performing a careful oxidation with
yellow mercury oxide at 0 °C.* The 2,3,4,5-tetrahydropyridine-
1-oxide 14 is a very reactive nitrone in 1,3-dipolar cycloaddi-
tions and could be trapped quantitatively with reactive di-
polarophiles in solvents at 35 °C.>** Only with unreactive
dipolarophiles (e.g. 1-hexene) dimerization competes.

In the case of the methanamine oxide model, the free
energy profile supports a concerted (3 + 3) dimerization. In
spite of this preference, we checked also the other possible
mechanisms to verify the reproducibility of our results for
nitrone 14. The inclusion of diffuse functions was not con-
sidered because of the high computational cost associated
with Dunning basis sets and because of the minimal differ-
ences observed in the previously studied model (methanamine
oxide). The PCM model using dichloromethane as a solvent
was employed in all the calculations.

Fig. 3 shows the calculated energetics for the dimerization
of 14 through the direct concerted pathway (mechanism A).
Two different approaches of the nitrones lead to two transition
structures, TS12 and TS13, with very similar barriers of 30.8
and 30.4 kcal mol™, respectively. These values are in agree-
ment with the experimental observation that dimerization
takes place with a half-life of days at 35 °C.3*°

From the more stable 1S13 conformer 12 is formed. This
conformer corresponds to a not observed dimer having an
axial bridge-head carbon (¢trans-cis fusion). In fact, T2 is thermo-
dynamically unfavoured (0.8 kcal mol™) and unstable to
cycloreversion.

On the other hand TS12, only 0.4 kcal mol™" higher in
energy than TS13, leads to C2 having a trans-trans fusion. The
compound C2 is 7.7 kecal mol™" more stable than T2 and thus
it is possible to conclude that the formation of C2 is thermo-
dynamically favoured. Moreover, through a typical confor-
mational itinerary (see ESIf) C2 is transformed into the more
stable (—11.6 kcal mol™) C3 having an all-trans disposition with
all non-H bonds in an equatorial orientation. In TS12 both
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forming bonds are identical (2.010 A) and the two nitrone
systems form a completely symmetric transition structure.

The alternative mechanism through a five-membered ring
intermediate has also been investigated (Fig. 3). Two different
TSs TS14 and TS15 were located with free energies of 32.7 and
31.5 keal mol™?, leading to cis and trans five-membered rings
F4 and F5. The two [3 + 2] adducts F4 and F5 differ signifi-
cantly in free energies, 22.7 and 9.7 kcal mol™", owing to the
steric hindrance of the cis substituents. The more stable trans
F5 is connected through conformational equilibria (see ESIt)
to a slightly lower F6 which lies 7.7 kcal mol™ above the reac-
tants. Note, however, that F6 is also raised by more than 7 kcal
mol™" with respect to the unhindered [3 + 2] methanamine
N-oxide cycloadduct F1. The rate-limiting step of this mechanism
is, however, the transformation of the trans [3 + 2] adduct F6
into the dioxadiazinane C3 through TS16. The barrier height
for this last step — a WH disallowed concerted [1,2] Meisenhei-
mer rearrangement - is 68.6 kcal mol™", demonstrating that
this mechanism is not viable for the formation of the
dioxadiazinane.

Steric effects affect remarkably the role of the diradical
mechanism by lifting the energy of the diradical intermediates
with respect to the results observed for the methanamine
N-oxide model. The diradicals D5 and D6, equivalent to D1 and
D2 in the methanamine N-oxide model, were also located but
lie well above the concerted transition structures TS12 and
TS13, making the diradical path not competitive.

Theoretical remarks

The preference of the dimerization of nitrones for the [3 + 3]
concerted process stands in marked contrast with the dimeri-
zation of nitrile oxides reported by Houk and co-workers®
which was clearly demonstrated to follow a diradical stepwise
mechanism. The predilection of nitrones for the concerted
[3 + 3] dimerizations is somewhat perplexing since the dimeriza-
tions are formally thermally disallowed [4r + 4x] processes
according to the Woodward-Hoffmann rules. The WH rules
for cycloadditions are however based on symmetry arguments
and do not necessarily apply to the cycloadditions of unsym-
metrical addends. In the well-known case of [2 + 2] ionic
cycloadditions the forbidden nature of the pericyclic [2x + 2x]
process is avoided by adopting a two-step mechanism invol-
ving the formation of zwitterionic intermediates which then
collapse to the cyclobutane.'® In the case of the nitrone [3 + 3]
dimerization, the concerted nature of the process is instead
maintained, but its forbidden nature is relaxed by the asymme-
try of the addends. The frontier orbitals of nitrones are mainly
located at the nitrone carbon (LUMO) and the nitrone oxygen
(HOMO)*® and the favourable double coupling of the electro-
philic C and nucleophilic O ends of nitrone accounts for the
formation of the dioxadiazinane dimers.

Fig. 4 compares the HOMO-LUMO interactions in the
[2 + 2] ionic cycloadditions (a), [3 + 3] nitrone dimerizations
(b and b’) and the related case of azomethine ylides (c). The
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two different nitrones involved in the dimerization are rep-
resented in plain and bold text to illustrate the HOMO-LUMO
and LUMO-HOMO interactions between the addends.

In the azomethine ylide symmetrical case, the FOs are of
different symmetry and do not overlap (Fig. 4c). The HOMO-
LUMO overlap is relieved in the concerted dimerizations since
the overlaps between the 1,3-dipole ends differ in sign and
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cancel each other. On the other hand, in the case of [2 + 2]

ionic cycloadditions (Fig. 4a) and [3 + 3] nitrone dimerizations
(Fig. 4b and V') a sizeable overlap is evident as well as the
favourable dipolar interactions exemplified by the antiparallel
arrows. In the nitrone dimerizations, also noteworthy is the
secondary overlap interaction between the orbitals at N which
explains the striking preference for the endo TS.
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Fig. 5 stresses the similarity of the single 4 electron shift in
the [2 + 2] ionic cycloadditions and the complementary dis-
joint (in different regions of space) double 4 electron shift in
the nitrone [3 + 3] concerted dimerizations. Such a double
shift is not possible in the symmetrical azomethine ylide con-
certed dimerizations because of lack of HOMO-LUMO overlap
but it would be possible for azomethine imines. With respect
to the zwitterionic stepwise route, the concerted [3 + 3] nitrone
dimerizations combine the more favourable double 2n2r inter-
actions and dipolar interactions. The nitrone concerted dimer-
izations involve two disjoint 4 electron shifts and are not
pericyclic processes, ie. they have a cyclic perimeter but no
cyclic delocalization.

Owing to the lack of cyclic delocalization these con-
certed dimerizations belong to the pseudopericyclic variety. As
originally defined by Lemal in the case of a sigmatropic auto-
merization, “a pseudopericyclic reaction is a concerted trans-
formation whose primary changes in bonding compass a
cyclic array of atoms, at one (or more) of which nonbond-
ing and bonding atomic orbitals interchange roles”.*"
Birney has extensively studied pseudopericyclic chelotropic
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decarboxylations®* and cycloadditions®® and evidenced that
these pseudopericyclic processes have usually two of these
interchanges.

In our [3 + 3] dimerizations there are four of these inter-
changes (at the two oxygens and the two nitrogen sites) as
depicted in the [2n2n + 2n2x] processes of Fig. 5. We name
then the [3 + 3] dimerization as a bispseudopericyclic process
to stress its parentage and differences. Bispseudopericyclic
processes should be typical for the dimerization of 1,3-dipoles
as represented by a = b + —c— (or X = Y — Z), but their ease
depends upon the relative electrophilicity and nucleophilicity
of the dipole ends @ and c¢-, as well as on the competition of
other possible competing events (in the case of nitrile oxide
the Houk diradical dimerization is the lowest path, where
nitrone diradicals are still easily formed but the path is a
dead end).

Conclusions

The mechanism of the puzzling (3 + 3) dimerization of
nitrones has been addressed. DFT calculations show that a
[3 + 3] concerted path is favoured over the ring enlargement of
an intermediate 3 + 2 cycloadduct and diradical or zwitterionic
paths as well. Despite the formal WH-forbidden process the
asymmetry of the addends allows for stabilizing FO inter-
actions and favourable dipolar interactions between the
addends. The independent double coupling of the nucleophi-
lic O and electrophilic C ends of nitrone in the [3 + 3] dimeri-
zation lifts the cyclic delocalization and leads to a
pseudopericyclic process.
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4.2.- Isomerizacion de nitronas

Una vez elucidado el mecanismo de la dimerizacion de nitronas se decidi6 abordar el
problema de la isomerizacion térmica E/Z de nitronas. Este proceso puede ocurrir en
ausencia de agentes externos, y es fundamental para explicar el resultado
estereoquimico de algunas reacciones de nitronas como, por ejemplo, reacciones de
cicloadicion con olefinas. En el esquema 5 se muestra como la obtencion de una
isoxazolidina con estereoquimica trans en una reaccion de cicloadicion nitrona-alqueno,
puede justificarse a partir de una aproximacion endo de una nitrona Z, o bien por una
aproximacion exo al correpondiente isomero E. Analogamente, una isoxazoldina cis
puede obtenerse a partir de una aproximacion endo al isdbmero E o una aproximacion
exo al isdbmero Z. Por tanto, se pens6 que la comprension del proceso de isomerizacion
ayudaria a racionalizar correctamente la estereoselectividad de dichas reacciones.

RSN I NE
| -~ Il?z
O isomerizacion
(2) (E)
‘ 2R3 ‘ ZR3
_ _ _ N _
R2y—F Db _Re O~ gz R-—C
LR R~ H.’\%\‘ H
! \ R3 i ! H R:"\j\i R! R1|I !
) .' | : | :/ 3
:/\RS \§: ! /\R
(Z) - exo (Z) - endo (E) - endo (E) - exo
R3 RS
R1\\\“Z /O R1VZ N/O
e i
cis trans

Esquema 5: Aproximaciones endo y exo de alquenos a nitronas Zy E en cicloadiciones 1,3-dipolares y obtencion de
isoxazolidinas cis y trans.

La mayor parte de las aldonitronas (nitronas monosustituidas en el atomo de carbono,
formalmente generadas a partir de aldehidos e hidroxilaminas) presentan una
estereoquimica Z, ya que normalmente son mas estables que el correspondiente isomero
E. Sin embargo, cuando el sustituyente sobre el atomo de carbono es un grupo
electroaceptor, la nitrona correspondiente se presenta como una mezcla de isdmeros £y
Z en equilibrio, cuya relacion depende del disolvente y puede verse afectada por la
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presencia de cationes metalicos.”! Algo similar ocurre con las cetonitronas (nitronas
disustituidas en el atomo de carbono, formalmente generadas a partir de cetonas e
hidroxilaminas), que también se suelen presentar como mezclas E/Z cuya proporcion
depende de la naturaleza de los sustituyentes en el atomo de carbono y del medio en el
que se encuentren.’?

Por otra parte, se ha demostrado que la oxidaciéon de N-metilhidroxilaminas da como
resultado nitronas E, que se transforman rapidamente en el isobmero Z mds estable.”” En
trabajos realizados en nuestro grupo de investigaciéon se ha encontrado evidencia
experimental de la isomerizacion E/Z en reacciones de cicloadicion intramolecular de
N-(alquenilglicosil)nitronas, basandose en la estereoquimica de los aductos obtenidos.”

La isomeria E/Z del doble enlace C=N ha sido estudiada para sistemas como iminas,
hidrazonas u oximas.” Dichos estudios se han basado en la determinacion de la barrera
energética para la inversion del atomo de nitrogeno. Sin embargo, esto no es posible en
el caso del grupo funcional nitrona ya que la ausencia de un par de electrones libre sobre
el atomo de nitrégeno, no permite que el proceso de inversion tenga lugar. Los primeros
estudios cinéticos realizados investigando el mecanismo de la isomerizacion de nitronas
mostraron barreras de activacion en el rango de 23-35 kcal/mol y apuntaban a un
mecanismo torsional unimolecular.”® Sin embargo, un estudio cinético mas reciente
sugeria que el mecanismo podria ser bimolecular,”’ considerando los valores negativos
de entropia encontrados (-4 cal/mol-K).”®

A pesar de los estudios realizados, al inicio de este trabajo nada se sabia aun sobre las
especies implicadas en el proceso. Por otro lado, en la investigacion descrita en el
apartado anterior, estudiando mecanismos bimoleculares de dimerizacion de nitronas, se
encontraron varios intermedios en los que el &tomo de nitrogeno tenia una configuracion
sp>, con un par de electrones no compartido. En estos intermedios podria tener lugar el
proceso de inversion sobre el &tomo de nitrégeno, indicando un posible mecanismo para
la isomerizacion. Por todo ello, se decidi6 estudiar sistematicamente todas las posibles
rutas para la isomerizacion E/Z de nitronas, tanto unimoleculares como bimoleculares, y
tanto en capa cerrada como en capa abierta. Como compuesto modelo de calculo se
utilizd N-6xido de N-etilidenmetanamina (compuesto 1).

Para empezar, como las evidencias experimentales sugerian un mecanismo
bimolecular, se decidié descartar primero los unimoleculares. Existen dos formas de
isomerizar el doble enlace si s6lo contamos con una molécula de nitrona: o bien
mediante la torsion del enlace C-N a través de intermedios zwitterionicos o
dirradicalicos (esquema 6), obien mediante la formacion de un intermedio ciclico de tres
miembros (una oxaziridina), inversion del &tomo de N (opcional) y apertura del ciclo
(esquema 7).

30



Me/.;f -Me Me/.\.l:lr’Me -
+ > 1] | > +
MeAN’Me - O_ <«— Me \N’O
+
\../M
(21 ' (Ex1

Esquema 6: Isomerizacién unimolecular mediante mecanismo torsional.

En el primer caso, fue imposible encontrar y caracterizar correctamente ningun
intermedio o ET torsional ni dirradicalico ni zwitterionico, a pesar de realizarse varios
analisis exhaustivos de las superficies de energia potencial, lo que arrojaba serias dudas
sobre la viabilidad de esta propuesta. Por el contrario, en el segundo caso, si fue posible
caracterizar las oxaziridinas intermedias, asi como los ETs correspondientes. Sin
embargo, los valores de las energias obtenidas (mas de 50 kcal/mol) resultaron ser
demasiado elevados para justificar las condiciones en las que tiene lugar el proceso de
isomerizacion en el laboratorio.

Me ’%ON ~Me

(61.0) H ~ (52.7)
T N o _
+

* _Me .0
MeAN (41.4) “ inversion MeAN
O_ Me
7)1 \Czi C“’/’ (E)1
(55.0) O« (55.1)
Me,, / N
H “Me
trans-3

Esquema 7: Isomerizacién unimolecular considerando un anillo de oxaziridina como intermedio de reaccidn. Las
energias de activacion vienen dadas entre paréntesis en kcal/mol.

Descartada la posibilidad de un mecanismo unimolecular, se estudiaron distintos
mecanismos bimoleculares para el proceso de isomerizaciéon. Los mecanismos
propuestos consistian en un proceso de dimerizacion, seguido de uno o varios cambios
conformacionales y posterior disociacion (esquema 8). La principal diferencia entre las
distintas rutas radicaba en la naturaleza del intermedio obtenido en el proceso de
dimerizacion. Al iniciar este trabajo se contaba con la experiencia adquirida en la
investigacion descrita anteriormente sobre dimerizacién de nitronas. En este caso, era
suficiente con conseguir al menos un atomo de nitrogeno con hibridacion sp® que
pudiera invertir o rotar sobre el eje C-N para, al disociarse, proporcionar el isomero
opuesto.

El primer mecanismo (esquema8, ruta A) comienza con la ya descrita
ciclodimerizacion bispseudopericiclica concertada de dos nitronas Z. Se encontraron dos
posibilidades: una que da lugar a un tetrametildioxadiazinano C1 en conformacion silla
y otra que proporciona el isomero conformaciénal twist T1 (Figura 5). Las respectivas
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barreras energéticas de 45.4 y 40.2 kcal/mol mostraron a este ultimo como el mas
favorecido. Tras la formacion del ciclo, todos los sustituyentes metilo estin en
disposicion axial. A través de cambios conformacionales de relativamente baja energia
(ETs < 15 kcal/mol) consistentes en inversiones piramidales del atomo de nitrogeno y
equilibrios  twist-silla, fue posible interconectar las diferentes disposiciones
conformacionales para el anillo (silla-twisf) y para los grupos metilo (axial-ecuatorial)
tal y como se indica en la figura 5 (ver informacion suplementaria de la publicacion
original).

+
2 Me/§l?l'|vIe
O-

(21
‘ dimerizacion
A B1Z B1D B27 B2D
e e e N 3
O’NYMe O,IJ:IQ/Me O,N\./Me MeIN‘Me MeIN\NIe
Me/I\ITl/O Me/LrTl/Me Me ITI’Me Me ITI/Me Me rTl/Me

Me (o} o, _ O.

A1 Z1 D1 Z2 D2
cambio rotacion rotacion rotacion rot.
conformacional C-N C-N C-N C-N

disociacion

2 MeXNC  obien  (E)1 + (2)-1
|
Me

(E)-

Esquema 8: Mecanismos posibles para la isomerizaciéon bimolecular.

A continuacidén, se consideré el proceso de disociacion, inverso de la
ciclodimerizacion. Se encontr6d que, para que la disociacion tuviera lugar, era necesario
que los grupos metilo sobre los 4tomos de nitrégeno estuvieran en posicion axial,
mientras que la posicion del grupo metilo sobre el 4tomo de carbono, determinaba la
configuracion de la nitrona resultante correspondiente. Asi, si el grupo metilo sobre el
atomo de carbono estaba en posicion axial daba lugar a una nitrona de configuracion Z,
mientras que si estaba en posicion ecuatorial la configuracion resultante era E. De esta
forma, mediante la secuencia dimerizacion - equilibrio conformacional - disociacion fue
posible conectar todos los isdémeros entre si. Se determind que el proceso global tenia
una etapa limitante de 40 kcal/mol (figura 6), algo elevada considerando las condiciones
experimentales en las que ocurre la isomerizacion E/Z.
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Figura 5: Itinerarios conformacionales que permiten la interconversion entre formas twist y sillas en los dimeros de nitronas. Los conférmeros que pueden sufrir disociacion aparecen
recuadrados.
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Figura 6: Diagrama energético para las rutas de isomerizacion bimolecular descartadas: Ciclodimerizacidon concertada (ruta A, en azul, los itinerarios conformacionales se pueden
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Los siguientes mecanismos estudiados implicaban la formacion de un dimero lineal y
la creacion de so6lo un nuevo enlace, ya fuera C-C 6 C-O. Como ya ocurrid en la
dimerizacion de nitronas, no fue posible encontrar ningin mecanismo de capa cerrada,
ya que los intermedios zwitterionicos correspondientes se hallaron 10 kcal/mol o mas
por encima de los ETs encontrados en el mecanismo anterior, por lo que estas rutas se
abandonaron (rutas B1Z y B2Z, esquema 8). En cambio, si fue posible encontrar el ET
del acoplamiento C-O conducente al dirradical correspondiente (ruta B1D, esquema 8).
Sin embargo, de nuevo se encontr6 que la barrera era mas elevada (unas 5 kcal/mol mas
alta) que la encontrada en el mecanismo bispseudopericiclico, asi que un mecanismo
que implicara un ataque C-O tampoco explicaria el proceso de isomerizacion. En la
figura 6 se indican los valores de energia de los intermedios y ETs calculados.

Finalmente, quedaba el acoplamiento dirradicélico C-C (ruta B2D, esquema 8), que en
la investigacion anterior llevaba a una via muerta. Muy al contrario, en este caso resulto
ser la propuesta energéticamente mas favorable, ya que la barrera correspondiente al ET
de formacion del enlace C-C fue de tan solo ~30 kcal/mol. Una vez formado el dimero
dirradicalico a partir de dos nitronas Z, resultaba sencillo rotar uno o ambos enlaces C-N
(con barreras del orden de ~15 kcal/mol) y recuperar las nitronas rompiendo el enlace
C-C antes creado. Segtn el giro se hubiera efectuado en uno o dos de los enlaces C-N se
obtenia una nitrona £ y otra Z o dos nitronas E, respectivamente. Las diferentes
posibilidades se reflejan en el esquema 9, y sus energias en la figura 7. Dado que ambos
atomos de carbono son asimétricos en el dimero, existen dos canales
diastereoisoméricos para lograr el mismo resultado.

<-M Me. ..
- O N e e N (0]
canal sin
M Me ——= M
(RRY) Me/'\nl/ e /'\r e Me/'\( e
N.
M 0~ Me

Me/N\O, e .

D2a D3a D4a
i i 1
9 MeAg,Me e - @01 2 MeA;T‘;O

(Z)-1_ (Ex1

i i i

O. . .Me Me\N/O
cszrlglsant/ /'\E/Me M /‘\é/Me —_— Me/'\:Me
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Esquema 9: Isomerizacién bimolecular mediante acoplamiento dirradicalico C-C.
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Figura 7: Diagrama energético para la isomerizacién bimolecular por acoplamiento dirradicalico C-C. Los itinerarios
diastereoméricos aparecen diferenciados por el color.

A continuacion, en la tabla 2, se presenta un resumen de las rutas estudiadas, y las
barreras energéticas correspondientes.

Tabla 2: Barreras energéticas (kcal/mol) de las aproximaciones estudiadas para la isomerizacién de nitronas

AG (kcal/mol)
Mecanismo torsional >50
A través de oxaziridinas >50
Dimerizacién concertada 40.2
Acoplamiento C-O dirradicalico 44.9
Acoplamiento C-C dirradicélico 31.0

Con el objeto de validar nuestro modelo, se repitieron los céalculos para este ultimo
mecanismo sustituyendo el grupo metilo por un grupo metoxicarbonilo (éster) (esquema
10). Como era de esperar, la presencia del grupo electroaceptor rebajo las barreras de
activacion hasta 5 kcal/mol, estando de acuerdo
experimentales.”

estos resultados con los

+ + O_
MeOzC&lTl’Me MeO,C” SN”
o

Me
(E)

(4)

Esquema 10: Isomerizacidn de C-(metoxicarbonil)nitronas
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Asi pues, como conclusion del trabajo realizado, podemos afirmar que, a falta de
confirmacion experimental, la isomerizacion térmica espontanea de nitronas ocurre
mediante un mecanismo dirradicalico a través de un acoplamiento C-C, quedando
descartados los mecanismos unimoleculares, asi como otros bimoleculares basados en
ciclodimerizaciones concertadas, acoplamientos zwitteridnicos o acoplamientos
dirradicalicos C-O.

A continuacion, se presenta una copia del trabajo publicado.
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ABSTRACT: The hitherto unknown mechanism of E/Z isomerization ‘0. Me

of nitrones, with important implications in 1,3-dipolar cycloaddition ~..Me TSa N TSb ~ + 0

| 0 e st T b Me™ =N -— Ma Me = Me” “N

chemistry, has been investigated using density functional theory o Me™ e

calculations. Unimolecular and bimolecular processes have also been @ Me Vo ()1

considered. Both concerted and stepwise mechanisms involving either o o

zwitterionic or diradical species have been studied. The unimolecular diradical intermediate

torsional mechanism and isomerization through intermediate oxazir- )

idines present energy barriers too high to justify the observed ‘g_ k,

e L T T &y { {

ergpresitantal sl £ el lnelesilo preesie-imlain g o ke — gy @ s s S

dimerization are possible. Among them, the concerted process can be /g7 %o "{ _‘/ s,

discarded in terms of energy barrier. Zwitterionic intermediates are too [ DT S A

it . : e . =L L/

high in energy to be considered. From the two possible diradical ( 1‘?‘%\ ~{ 9 >

approaches consisting of either C—O or C—C coupling, the latter is the - ) > )
syn-TSa anti-TSa syn-TSb anti-TSb

most favored. Thus, the mechanism of E/Z isomerization of nitrones
proceeds via a diradical bimolecular process involving an initial (28.8) (29.9) (29.9) (31.2)
dimerization through a C—C coupling followed by a dedimerization,
with energy barriers for the rate-limiting step of 29.9 kcal/mol for C-
methyl nitrones and 25.8 kcal/mol for C-(methoxycarbonyl) nitrones.
These values are in very good agreement with the experimental data previously measured through kinetic experiments.

AG,g in keal/mol (PCM=toluene/M06-2X/cc-pVTZ)

Bl INTRODUCTION Scheme 1. Cycloaddition between Nitrones and Alkenes
The E/Z isomerism of nitrones has often occupied a central R - /\N 0
position in rationalizing the stereoselectivity of the important REN P E— R2
1,3-dipolar cycloaddition reactions between those dipoles and (Z)C:_ E1

alkenes.' Indeed, the cycloaddition between a nitrone and an

bl : Z R AR
alkene can lead to 3,4- and 3,5-regioisomers. For a given
regioselectivity, the reaction of the Z-isomer of the nitrone, (Z)-

1, through an endo approach gives rise to the trans isomer. The ot 0 ot g O~ g R0
same isomer could be obtained from the E-nitrone through an K/:Fg R”\%\l H- 'S/‘.H
-, ) ; i R 300 I

exo approach. Similarly, the corresponding cis adduct could be Wi R W R LR RU A &
obtained from either (Z)-1 through an exo approach or (E)-1 s NS A& /R
through an endo approach. The reaction is illustrated in Scheme 1 (2)-exo (2) - endo (E) - endo (E)-exo
for the 3,5-regioisomer. A similar situation could take place in the
case of 3,4-regioisomers. \ >< /

Despite the impact of E/Z isomerism of nitrones on R R
cycloaddition chemistry, the mec}ianlsm uiiderlying .thls i L% =3 LY
phenomenon has not yet been elucidated. Nitrones derived N N
from aldehydes (aldonitrones) are found as Z-isomers”* with R? R?
the exception of those having electron-withdrawing groups at the cis-2 trans-2

nitrone carbon (particularly, carbonyl-conjugated nitrones),
which present a solvent-dependent equilibrium between E- and
Z-isomers.”® In that case, the isomerization can be induced by
the use of metals.”® During the oxidation of N-methylhydroxyl-
amines to nitrones the initial formation of (E)-nitrones has been
observed followed by a rapid isomerization to the more stable Z-

isomerization was preferred to competitive 2-aza-Cope rear-
rangement typical of other N-alkenyl nitrones." ">

nitrones.” N-(Alkenylglycosyl) nitrones provided evidence of E/ Received: July 26, 2014
Z isomerization in intramolecular cycloadditions.'” The E/Z Published: August 17, 2014
< ACS Publications  ©2014 American Chemical Society 8358 dx.doi.org/10.1021/j0501698y | J. Org. Chem. 2014, 79, 83588365

39



The Journal of Organic Chemistry

Ketonitrones can be found either as pure isomers or as
mixtures of E- and Z-isomers depending on C-substituents and
the solvent in which they exist.'*'* In some instances the
corresponding E- and Z-isomers can be resolved by fractional
crystallization.'®

The E/Z isomerism of a C=N bond has been studied in detail
for a variety of systems including imines, hydrazones, and
oximes."*'” These investigations have been based on dynamic
and theoretical studies of barriers to nitrogen inversion.
However, the case of nitrones is different since nitrogen
inversion is not possible due to absence of a free electron pair
at the nitrogen atom. Kinetic investigations on isomerization of
ketonitrones showed activation barriers of 33—35 kcal/mol for
E/Z interconversion'®'® even though in the case of compounds
bearing electron-withdrawing grops the barrier decreased to 25
keal/mol.?° Kinetic studies with cyclic a-keto-N-methylnitrones
with an exocyclic nitrone group showed values of activation
energy in the range of 23—25 kcal/mol.*! Similar values (23—29
kcal mol), determined by dynamic 3'P NMR spectroscopy, were
also found for aldonitrones.* Those early kinetic studies pointed
to a unimolecular torsional mechanism of isomerization, in
agreement with small values of entropy found experimen-
tally.'®*"** Semiempirical calculations were made and over-
estimated the C—N rotational barrier by about a factor of 2.>*
This study also determined experimentally the entropy of
activation to be close to zero as expected for a rotational process.
On the other hand, a more recent kinetic study” showed that the
small negative values of entropy (—4 cal/mol'K) already
reported by Grubbs'® are more in agreement with a second-
order isomerization, corresponding to a bimolecular mechanism,
for which high negative values of entropy of activation should be
found.* Since the definitive features of the species involved in
isomerization have been up to now unknown, an ultimate
elucidation of the mechanism is still required.

Herein, we report the first systematic computational study of
the mechanism of E/Z isomerization of nitrones by considering
both uni- and bimolecular processes as well as zwitterionic and
biradical species. The evidence of the nature of the transition
states for such processes is discussed. These mechanistic studies
give an insight into the cycloaddition chemistry of nitrones acting
as a guide in the consideration of E- and Z-isomers for both endo
and exo approaches that is essential regarding the stereochemical
course of the 1,3-dipolar cycloaddition between a nitrone and an
alkene.

B COMPUTATIONAL METHODS

All of the calculations were performed using the Gaussian09 program.z7
Molecular geometries were optimized with the M06-2X functional®® in
conjunction with the cc-pVTZ basis set.”?3° The M06-2X functional has
amply demonstrated its applicability for chemical kinetics and reliability
for predicting energy barriers.”**! Analytical second derivatives of the
energy were calculated to classify the nature of every stationary point, to
determine the harmonic vibrational frequencies, and to provide zero-
point vibrational energy corrections. The thermal and entropic
contributions to the free energies were also obtained from the
vibrational frequency calculations, using the unscaled frequencies. All
of the located transition states were confirmed to connect to reactants
and products by intrinsic reaction coordinate (IRC) calculations.*>*?
For all diradical transition states and intermediates, a spin-projection
scheme has been used to estimate energies of singlet diradical
structures.>* =3¢ However, the corresponding free energies are given
without spin-correction because its effectiveness has not been
completely demonstrated.>>*”3® Calculations have been carried out
both in the gas phase and considering solvent effects (toluene) with the
PCM model ¥~
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Bl RESULTS AND DISCUSSION

Unimolecular Isomerization. There are two possible
mechanisms for the E/Z isomerization of nitrones following a
unimolecular process. A torsion mechanism considering biradical
or zwitterionic species (Scheme 2) would explain exchange

Scheme 2. Torsional Mechanism for E/Z Isomerization of
Nitrones

S ey
Medw € or Me/)LN e

* Me — = . .
Me SNE . O == wmeSN o
O- Me/}{"}],Me Me
@1 5 &

between E- and Z-isomers, as early studies proposed.m'z4 In
particular, Grubbs and co-workers proposed that the torsional
process should be accompanied by the formation of intermediate
iminoxy radicals.'®

Unfortunately, neither closed-shell nor open-shell explora-
tions of the potential energy surface (PES) provided clear data
for identifying a transition structure. A relaxed dihedral scan
provided a pseudo transition structure that could not be
confirmed (see Supporting Information for details). Quite likely,
these negative results indicate that E/Z isomerization does not
proceed by the simple torsion mechanism. Moreover, following
potential energy variations with rotation about C—N bond
through the above-mentioned relaxed dihedral scan revealed a
value of ca. 46.5 kcal/mol for a hypothetical energy barrier
corresponding to that mechanism.

A second possibility consists of the formation of an
intermediate oxaziridine that upon nitrogen inversion could
reopen to the other isomer (Scheme 3). The photochemical

Scheme 3. E/Z Isomerization of Nitrones through
Intermediate Oxaziridines

0
Me,, /- ~Me
61.0) H/L NS (52.7)
/01' cis-3 A ~
N .
MeAI}l'Me (41.4) LN—inversion MeA\rlq’o
Oo_ Me
(1 C g AL e
(55.0) , Q- 55.1
Me /LN‘ (55.1)
H Me
trans-3

isomerization of a nitrone to the corresponding oxaziridine has
been reported in the past’***™*! and has also been studied
theoretically.”*~** However, there is no experimental evidence
that an oxaziridine could be formed from a nitrone under thermal
conditions. On the other hand, the thermal isomerization of
oxazirsi;iigfs into nitrones have been reported in several

The thermal ring closing of a nitrone to oxaziridine can occur
in two possible rotatory modes.”> Starting from (Z)-1 one
rotatory mode (Scheme 3, c1) leads to the oxaziridine cis-3, and
the other one (Scheme 3, c2) to the corresponding trans-3. The
reverse thermal ring opening of oxaziridines 3 to (E)-1 can also
take place through the same two different rotatory modes as
illustrated in Scheme 3. We have located the four transition
structures corresponding to transformations of (Z)-1 and (E)-1
into cis- and trans-3, and the energy barriers are in the range of
55.1—61.0 kcal/mol (for geometry and detailed energy data see

dx.doi.org/10.1021/j0501698y | J. Org. Chem. 2014, 79, 8358—8365
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Scheme 4. Bimolecular Mechanisms for the E/Z Isomerization of Nitrones
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Figure 1. Energy diagrams (PCM=toluene/M06-2X/cc-pVTZ) for bimolecular concerted and C—O stepwise isomerization of nitrones. Relative free
energy values (AG,yg) are given in kcal/mol.

measurements and proposed a zwitterionic bimolecular
mechanism. However, in their original report no details about
the nature of the species involved in the process are given. Only
general references pointing to unreacted hydroxylamine, the
nitrone itself, or “any basic entity” (sic) are provided. Since the E/
Z isomerization of nitrones takes place not only during their
synthesis but under a variety of conditions and in the complete
absence of any additive or any other species,'’ it is plausible to
consider a bimolecular mechanism involving exclusively two
nitrone molecules. In principle, any bimolecular isomerization
should involve an initial dimerization followed by a conforma-
tional change and finally a dedimerization (Scheme 4). The

Supporting Information). In addition cis- and trans-3 can
interconvert through a typical nitrogen inversion. The
corresponding energy barrier for this process was found to be
41.4 kcal/mol, in agreement with previous experimental data®?
and theoretical calculations.®* Despite the reversibility of the
nitrone-to-oxaziridine conversion, which could explain the
interconversion between E- and Z-isomers, the energy barriers
are too high to justify the experimental conditions in which E/Z
isomerization of nitrones has been observed.”®

Bimolecular Isomerization. The bimolecular isomerization
of nitrones has been previously hypothesized by Ali and co-
workers.”® These authors based the hypothesis in kinetic

8360 dx.doi.org/10.1021/j0501698y | J. Org. Chem. 2014, 79, 8358—8365
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whole process might be concerted (Scheme 4, A) to form dimer
Al, which after a conformational change could dedimerize to
form either (E)-1 or a mixure of E- and Z-isomers. Alternatively,
the process might be also stepwise through C—O or C-C
couplings (Scheme 4, BI and B2, respectively). In both cases the
mechanism could be zwitterionic (Scheme 4, B1Z and B2Z) or
diradical (Scheme 4, B1D and B2D). In the case of a stepwise
mechanism a rotation around the C—N single bond followed by a
dedimerization would lead to the E-isomer. In this context, we
have recently reported a theoretical study on the dimerization of
cyclic nitrones and demonstrated that the process is concerted
through a bispseudopericyclic reaction.®®

For the concerted route (Scheme 4, A) the formation of dimer
Al can account through either TS1 leading to chair C1 with a
barrier of 45.5 kcal/mol or TS2 leading to twist T1 with a barrier
of 402 kcal/mol. In both cases the process takes place
concertedly and corresponds to a typical bispseudopericyclic
process as in the case of cyclic nitrones (Figure 1).°° The
geometries of TS1 and TS2 are given in Figure 2. For TSI,
corresponding to the formation of C1, the forming C—O bonds
are 2.00 A, the system showing a complete symmetry. Similarly,
in TS2, leading to T1, the C—O forming bonds were found to be
2.02 A in both cases.

The formation of the dimer is endergonic (4.6 and S.1 kcal/
mol for C1 and T1, respectively), and calculations predict the
preferential formation of T1 through the more stable TS2. The
more stable chair C2 is formed from T1 through a typical
conformational course involving N-inversion and a conforma-
tional change (for details see Supporting Information).
Dedimerization of C2 afforded a mixture of (E)-1 and (Z)-1
through TS3 with a barrier of 39.9 kcal/mol. Alternatively, C2
can interconvert into T2 through a N-inversion and two
conformational changes (for details see Supporting Informa-
tion), which dedimerizes to two molecules of (E)-1 through TS4
with a barrier of 36.8 kcal/mol. As expected, a high degree of
symmetry was found for TS4 with identical forming C—O bond
distances (2.01 A) On the other hand, TS3, leading to different
(E)-1and (Z)-1, presented C—O forming bonds of 1.92 and 2.09
A. This lack of symmetry can account for the higher energy of
TS3.

Next, we studied the stepwise mechanism BI consisting of a
dimerization through C—O coupling. The corresponding
zwitterionic intermediate Z1 was located but lies too high
(61.5 keal/mol) above (Z)-1, making the zwitterionic path for
this mechanism untenable. Several different conformations were
found for diradical intermediate D1, the most favored being
located at 42.4 kcal/mol above the ground state. This
intermediate is formed through the corresponding TSS with a
barrier of 44.9 kcal/mol (Figure 1). The geometry of TSS is
illustrated in Figure 3 and corresponds to a late transition
structure (product-like) with short C—O forming bonds, i.e.,
1.54 A. Since TSS is 4.7 kcal/mol higher than the lowest TS2 of
mechanism A, the mechanism BI was ruled out definitively.

We next considered stepwise dimerization through a C-C
coupling (Scheme 4, B2). Location of the two isomeric (R*R*-
syn and R*S*-anti) zwitterionic intermediates syn-Z2a and anti-
Z2b was not straightforward. Any attempt to locate the
corresponding minima led to separation into the two starting
nitrones. In order to estimate what the energy of such
intermediates would be, we optimized a partially constrained
geometry. In this pseudo minimum the C—C bonds were fixed at
1.57 A and the rest of the variables were optimized. Under these
conditions syn-Z2a and anti-Z2b were calculated to be 50.0 and
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TS4

C1

c2

Figure 2. Optimized geometries (PCM=toluene/M06-2X/cc-pVTZ) of
TS1, TS2, TS3 TS4, T1, T2, C1, and C2.

50.9 kcal/mol, relative to the isolated two molecules of (Z)-1,
rendering the whole process unfavorable.

On the other hand, two possible diradical intermediates can be
formed through diastereomeric channels. The corresponding
syn-D2a and anti-D2b (Scheme 5) were located at 12.8 and 13.5
keal/mol, relative to the isolated two molecules of (Z)-1 (Figure
4). The formation of D2a and D2b can proceed through 6
different transition structures corresponding to 3 staggered
approaches and 2 possible nitrone faces. Thus, TS6a and TS6b
correspond to the lowest energy values located at the studied
level, corresponding to energy barriers of 28.8 and 29.9 kcal/mol,
respectively.

The geometries of TS6a and TS6b are given in Figure S, and
the corresponding diradical intermediates are in Figure 6. The

dx.doi.org/10.1021/jo501698y | J. Org. Chem. 2014, 79, 83588365
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TS5 D1
Figure 3. Optimized geometries (PCM-=toluene/M06-2X/ cc—pVTZ) of
D1 and TSS.

Scheme 5. Bimolecular Diradical C—C Stepwise
Isomerization of Nitrones

forming C—C bonds in TS6a and TS6b are 2.06 and 2.05 A,
respectively. Both TS6a and TS6b are diradical species with
single electrons located mainly on the terminal nitrone oxygens.
Whereas in TS6b the two nitrogen atoms adopt a gauche
disposition (N—C—C—N dihedral angle of —93.8°), in TS6a
they adopt an antiperiplanar orientation (N—C—C—N dihedral
angle of 166.3°). Indeed, D2a presents a N—C—C—N dihedral
angle of 169.5°, and D2b presents one of —71.1°. Further
rotation of one of the O—N—C—C dihedral angles in D2a (O—
N—C—C = —89.5°) and D2b (O—N—C—C = 83.3°) leads to
D3a (O—N—-C—C=—60.8°) and D3b (O—N—C—C =—51.5°),
respectively, through the corresponding rotational transition
structures TS-rotla and TS-rot1b with barriers of 13.7 and 14.9
keal/mol, respectively. Dedimerization of D3a and D3b into (E)-
1 and (Z)-1 takes place through TS7a and TS7b with energy
barriers of 29.9 and 31.2 kcal/mol. Alternatively, an additional
rotation of the second O—N—C—C dihedral angle in D3a (O—
N—-C—C = 91.9°) and D3b (O—N—C—C = —86.0°) leads to
D4a (O—N—C—C = —73.2°) and D4b (O—N—C—C = 58.8°),
respectively, in this case through TS-rot2a and TS-rot2b with
barriers of 15.8 and 16.5 kcal/mol, respectively. Dedimerization

0. Me 0. Me Me., -0
syn channel e jﬁ/M R Ha of D4a and D4b into two molecules of (E)-1 takes place through
RR) - Me Me Me TS8a and TS8b with energy barriers of 31.0 and 31.2 kcal/mol.
Me’N‘Q _o/N\Me _O’N‘Me The geometries of TS7a, TS7b, TS8a, and TS8b are given in
D2a D3a D4a Figure 5. The C—C breaking bonds in TS7a and TS7b are 2.03 A
in both cases. Similar values were found for TS8a (2.04 A) and
H H l T B TS8b (2.02 A). In all cases (TS7a,b and TS8a,b) the transition
e Su-Me 2 MemSn° structures are confirmed to be diradical species with the single
2 Me & B+ (@ © Me electrons located on the oxygen atoms. By this path (Scheme 4,
- i EM mechanism B2D) the rate-limiting step corresponds to the
dedimerization step, which is in the range of 29.9—31.2 kcal/mol,
H H H more than 10 kcal/mol lower than the other possible
. . . mechanisms including unimolecular ones.
O~ -Me O--Me Me~\-© In order to check the validity of our model, we also located
anti channel /k/Me X/Me Me transition state structures in which the methyl group at the
Rsy  Me” Me™ % Me™ % nitrone carbon has been replaced by a methoxycarbonyl group,
Me’N‘O. .0 N ve .o’N‘Me ie, the corresponding TS6a-ester, TS6b-ester, TS7a-ester,
D2b D3b D4b TS7b-ester, TS8a-ester, and TS8b-ester. According to the
experimental kinetic experiments”® the energy barrier should
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Figure 4. Energy diagrams (PCM-=toluene/M06-2X/ cc‘pVTZ) for bimolecular diradical C—C stepwise isomerization of nitrones. Relative free energy

values (AG,gg) are given in keal/mol.
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TS6b

TS7b

TS8a

Figure 5. Optimized geometries (PCM=toluene/M06-2X/cc-pVTZ) of
TS6a,b, TS7a,b, and TS8a,b.

TS8b

diminish to ca. 25 kcal/mol. Upon comparison with the
corresponding nitrones (Z)-1-ester and (E)-1-ester, we found
an excellent agreement with the experimental observations with
barriers in the range of 25.8—27.9 kcal/mol (Figure 7), thus
demonstrating the stabilization exerted by the electron-with-
drawing group and consequently the easy E/Z interconversion
for nitrones bearing an electron-withdrawing group at the
nitrone carbon. The geometries of TS6a-ester, TS6b-ester,
TS7a-ester, TS7b-ester, TS8a-ester, and TS8b-ester are
illustrated in Figure 8. The C—C forming/breaking bonds are
similar to those observed for the parent TS6a,b, TS7a,b, and
TS8a,b. Also, in this case, all of the located transition structures
are diradical species with single electrons located at the oxygen
atoms.

Bl CONCLUSIONS

The mechanism of E/Z isomerization of nitrones has been
extensively examined to understand spontaneous thermal
conversion between the two nitrone isomers. The pathways by
which the isomerization could take place have been rationalized
on the basis of DFT calculations. The most favored process is a
bimolecular one involving a C—C coupling with barriers of ca.
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D4b

D4a

Figure 6. Optimized geometries (PCM=toluene/M06-2X/cc-pVTZ) of
D2a,b, D3a,b, and D4a,b.

31.0 kcal/mol (25.8 kcal/mol in the case of C-
(methoxycarbonyl )nitrones). Thereby it has been found that
unimolecular processes based on a torsional mechanism or the
formation of intermediate oxaziridines show energy barriers too
high (46.5—55.0 kcal/mol) for leading to a picture in accord with
experimental findings. In a similar way, zwitterionic intermedi-
ates formed during a bimolecular process are also too high in
energy (50.0—61.5 kcal/mol). Both a concerted bimolecular
process and a diradical one involving C—O coupling have also
been discarded because of the energy barriers (40.2 kcal/mol for
the concerted process and 44.9 kcal/mol for the diradical C—O
coupling). It remains a future challenge to demonstrate
experimentally that the biradical mechanism is the operational
one. Quite probably, the intermediates are not long-lived enough
to be detected by conventional techniques such as EPR.
However, including external magnetic fields could be an option
to change the kinetics of the reaction and thus open a possibility
for confirming the biradical mechanism.

In summary, through DFT study of the mechanism of E/Z
isomerization of nitrones, we can conclude that the isomerization
is a diradical bimolecular process involving a C—C coupling. This

dx.doi.org/10.1021/jo501698y | J. Org. Chem. 2014, 79, 8358—8365
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Figure 7. Energy barriers (PCM=toluene/M06-2X/cc-pVTZ) for TS6a-ester, TSGb-ester, TS7a-ester, TS7b-ester, TS8a-ester, and TS8b-ester.

Relative free energy values (AG,gg) are given in kcal/mol.

TS6b-ester

TS8b-ester

TS8a-ester

Figure 8. Optimized geometries (PCM=toluene/M06-2X/cc-pVTZ) of
TS6a-ester, TS6b-ester, TS7a-ester, TS7b-ester, TS8a-ester, and
TS8b-ester.

is due to the easy generation of diradical species D2a, only 12.8
keal/mol above the ground state. The rate-limiting step of the
process has an energy barrier of 29.9 kcal/mol for C-methyl

8364

nitrones and 26.5 kcal/mol for C-(methoxycarbonyl) nitrones, in
excellent agreement with the experimental results previously
reported.
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Details of calculations corresponding to torsional mechanism
and isomerization thorugh intermediate oxaziridines. Detailed
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4.3.- Reaccion de nitronas con inolatos de litio

El trabajo descrito hasta ahora se habia centrado en algunos aspectos de las
interacciones de nitronas consigo mismas, para dar reacciones de dimerizacién y de
isomerizacion, cuyos mecanismos no estaban bien establecidos en la bibliografia. A
continuacion, en el desarrollo de esta Tesis Doctoral, se consider6 la reactividad de
nitronas con otros compuestos, como inolatos (apartado 4.3) y enolatos (apartado 4.,4),
que presentan un importante interés sintético.

Como se ha comentado en el apartado 1.1, la utilidad sintética de las nitronas se basa
principalmente en dos tipos de reactividad: 1) reacciones de cicloadicion 1,3-dipolar,
donde el grupo nitrona actua como un 1,3-dipolo, y 2) reacciones de adicidon nucledfila,
donde el grupo nitrona se comporta como un electrofilo frente a reactivos
organometalicos principalmente. En particular, en nuestro grupo de investigacion se ha
explorado tanto experimental como computacionalmente la adicion nucleofila
estereocontrolada de organolitiados y reactivos de Grignard a nitronas quirales.''**° En
todos los casos, el primer paso de la reaccion es la coordinacion del metal
correspondiente al &tomo de oxigeno del grupo nitrona, lo que incrementa el caracter
electrofilo del atomo de carbono azometinico en el complejo resultante!'%2!28!
(esquema 11).

+,R2 3
1/§+,R2 R3_M R1/§N R
RSN - ! — J R
! O_ R °N
O- R O-M
M _
M = Li, MgBr

Esquema 11: Adicidn nucledfila de reactivos organometalicos a nitronas.

Con estos antecedentes se inici6 el estudio de la reaccion de inolatos de litio con
nitronas, utilizando como compuestos modelo N-6xido de N-etilidenmetanamina y
propinolato de litio (Esquema 12, R!,R? R’*=Me). En principio, partiendo del complejo
reactivo y andlogamente a otras reacciones con organolitiados, pueden darse dos
mecanismos: uno concertado y otro por pasos. En esta investigacion, ademas de intentar
determinar el tipo de mecanismo, se realizaron analisis topologicos ELF y NCI con el
objeto de obtener mdas informacion sobre el proceso de formaciéon de los enlaces
quimicos.

Los calculos DFT llevados a cabo sobre el sistema modelo mostraron que, tras la
formacion del complejo inicial, el mecanismo era concertado pero altamente asincrono,
a través de un unico ET con una AG inferior a 10 kcal/mol. En ninguna de las pruebas
fue posible encontrar ningin intermedio ceténico como el indicado en el esquema 12.
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Sin embargo, la distancia Clino-Onit en el ET localizado, de 3.24 A, era més acorde con
una interaccion electrostatica que con un enlace en formacion.®? (figura 8a).

S8
/LI\
o s R3
3/ N
R - (@)
- \ s
0] X -Li”
1 I o LI\ \ .
RVN\Rz RL _N S _s
+ ~o N R2 R3—\:?—O—7LI\S
\\\ O,
R 1
R'—— \R2
Y e \
o] | +/S
—Li O--___ .
S / ' “-Li
R37T o concertado por pasos s \s

B

Esquema 12: Posibles mecanismos concertado y por pasos para la reaccion entre inolatos de litio y nitronas.

El estudio detallado de IRC (Figura 8b-d) arrojoé algo mas de informacién. Como se
puede apreciar claramente, la reaccion, a pesar de ser concertada (s6lo hay un méximo
de energia), esta dividida en dos estadios o fases® correspondientes a la formacién de
cada uno de los enlaces. Entre ambas fases, caracterizadas por cambios grandes de
energia (normas altas), existe una pequena zona en la que la reaccion parece paralizarse
momentaneamente. En esta zona aparece lo que se conoce como un intermedio
escondido,®* que no llegaria a ser un intermedio con existencia real (la norma se acerca
pero no llega a cero, es decir, no hay un minimo matemadtico de energia), ya que la
reaccion colapsa directamente al producto final. Esta especie solo puede ser “capturada”
in silico, donde podemos hacer avanzar, retroceder o paralizar la reaccion a voluntad.

A pesar de ello, existe la posibilidad de revelar intermedios escondidos y poder
estudiarlos computacionalmente mediante pequefios cambios en la electronica de la
reaccion que, o bien estabilicen la estructura de interés, o bien dificulten su evolucion
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posterior.®> En este caso, fue suficiente con afadir una molécula mas de disolvente al
inicio de la reaccion, lo que proporciond un atomo de litio pentacoordinado tanto en el
en el complejo inicial, como en el ET, para trasformar el proceso en una reaccién por
pasos y obtener asi el intermedio ceténico. La introduccion de la molécula de disolvente
hace que en el intermedio la cetena sea expulsada de la esfera de coordinacion del
atomo de litio (el intermedio prefiere ser tetracoordinado sin tension a pentacoordinado
con ella), lo cual aleja los 4&tomos que van a formar el segundo enlace, evitando el
colapso.

Este resultado permitia suponer la posibilidad de un mecanismo alternativo por pasos
para esta reaccion; sin embargo las especies con el 4&tomo de litio pentacoordinado
fueron menos estables, de acuerdo con célculos realizados previamente,®® y el ET
correspondiente se situé 5.8 kcal/mol mdas alto que en el caso del atomo de litio
tetracoordinado.
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Figura 8: a) Estructura del ET (punto 77 del IRC) y variacidn de diversas propiedades a lo largo del IRC: b) distancia
de enlaces en formacion, c) energia y d) norma del gradiente. Se muestra también la zona donde estaria el
intermedio escondido.

Una forma de extraer mas informacion acerca del proceso era llevar a cabo estudios de
ELF y NCI de los diferentes puntos del IRC obtenido (figura 9).
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o Inicio de la reaccién (pto. 1)

ELF: Se aprecia un triple enlace en el
inolato, y uno doble en la nitrona.

NCI: Se observan interacciones
débiles entre ambas moléculas.

0 Antes del primer enlace (pto. 68)

ELF: El triple enlace C-C empieza a
perder su forma toroidal, hacia una
bilobular (un doble enlace). Lo mismo
ocurre con los pares libres del O del
inolato.

NCI: La interaccidn entre dtomos de C
se hace mis fuerte.

o Tras formar el primer enlace (pto. 88)

ELF: Se ha formado el primer enlace.
En la nitrona, el enlace C-C es ahora
simple. El Li estd méas préximo al O de
la nitrona que al del inolato.

NCI: La interaccidn se ha convertido
en enlace. Nuevas interacciones
débiles aparecen entre el C,,, y el O .

0 Antes del segundo enlace (pto. 145)

ELF: Apenas hay cambios. Estamos en
la regién del intermedio escondido.

NCI: Crece la interaccién entre el C,,
Y el Onit’

ELF: Se ha formado el segundo enlace.
El Li estd ahora pegado al O del inolato
(la geometria de los pares libres de los
O se ha intercambiado entre ellos).

NCI: Las interacciones no covalentes
se convierten en un enlace vy
desaparecen. Todo lo que queda es la
repulsién en el centro del nuevo anillo
de cinco miembros.

© I decooresparanel

Interacciones atractivas fuertes Interacciones débiles Interacciones repulsivas fuertes

Figura 9: Isosuperficies representando ELF (en gris) y NCI (en escala de colores) para puntos seleccionados del IRC.
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En la figura 9 se muestran los aspectos mas importantes de ELF y NCI para puntos
seleccionados del IRC mostrando isosuperficies (en el trabajo original, es posible
encontrar una animacion con todos los puntos en la informacion suplementaria). En esta
representacion grafica, que muestra Uinicamente aspectos cualitativos, cabe destacar la
fuerte interaccion electrostatica observada en la segunda parte de la reaccion entre el
Clinol y el Onit, que colapsarian para formar el segundo enlace sin dejar que la reaccion
dé lugar a un intermedio (figura 9d).

A continuacion, se realizo el analisis cuantitativo de los resultados obtenidos para los
calculos ELF considerando las cuencas, habitualmente representadas por el punto donde
la poblacion electronica alcanza su valor maximo. La aparicion y desaparicion de las
cuencas, asi como la integracion de la poblacion en cada cuenca, proporciona
informacion sobre el inicio y el grado de formacion de los enlaces en cada punto del
IRC: Para minimos de energia, esta representacion nos da la misma informaciéon que
una estructura de Lewis al asignar a cada cuenca un valor de 2 electrones. La diferencia
es que con los célculos ELF es posible conocer la poblacion exacta de cada enlace y, en
estructuras que no son minimos (ETs u otros puntos del IRC), nos da informacion sobre
la extension en que un enlace se estd viendo modificado. En la figura 10 se muestran las
cuencas de la ELF calculadas para el punto 1 del IRC (complejo reactivo).

Figura 10: Maximos de la ELF (esferas verdes) en el complejo reactivo (punto 1 del IRC).
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En la figura 11 es posible observar todas las fluctuaciones electronicas de interés con
algo mas de detalle que en la figura incluida originalmente en la publicacion. Se aprecia
claramente como el primer enlace se forma tomando los electrones del triple enlace del
inolato, de forma concomitante a la aparicion del par de electrones no compartido en el
atomo de nitrogeno, que provienen del doble enlace C=N de la nitrona (puntos 79 y 80
del IRC). Asimismo, llama la atenciéon que la formacion de este primer enlace es
posterior al maximo de energia (ET, punto 77). Durante la meseta correspondiente al
intermedio escondido no se observa aparicion de cuencas ni en el atomo de carbono
adyacente al 4tomo de oxigeno del inolato (Clino), ni en el atomo de oxigeno de la
nitrona, indicando que el enlace todavia no se esta formando. Cuando finalmente ocurre
la formacion del segundo enlace los electrones provienen en su mayor parte del atomo
de oxigeno de la nitrona, pero también del enlace C-O del inolato. Es dificil distinguir la
contribucion electronica, ya que ésta se distribuye facilmente a través del cation litio. A
pesar de ello, es posible observar como la preferencia de coordinacion del cation litio
disminuye para el inolato a mitad de reaccion y aumenta para la nitrona, para luego
revertirse esta tendencia. Este “baile del Li” ya habia sido observado anteriormente
(figura 9), y se aprecia claramente en las animaciones.

En resumen, en esta investigacion fue posible demostrar que la reaccion de nitronas
con inolatos de litio es un proceso concertado, pero altamente asincrono, con
presencia de un intermedio escondido, donde la formacion de los dos enlaces ocurre
en dos estadios bien diferenciados. La cercania de los 4&tomos de Clinol y Onit tras la
formacion del primer enlace, forzada por la hibridacion sp del Clinol y la coordinacion al
Li, hace imposible la existencia de un intermedio ceténico y se produce el colapso al
producto final. Los calculos NCI resultaron muy utiles para evidenciar esta fuerte
interaccion, mientras que ELF fue clave para establecer inequivocamente la formacion
consecutiva de los enlaces.

A continuacion, se presenta una copia del trabajo publicado.
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Evolucion de las poblaciones electronicas a lo largo de la reaccion

7 0

6 : —
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Intrinsic Reaction Coordinate (IRC)

Figura 11: Evolucién de la poblacion electrdnica en los enlaces de interés a lo largo del IRC. En los enlaces multiples participa mds de una cuenca por enlace.
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Copia del trabajo publicado (J. Org. Chem. 2015, 80, 4076)
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ABSTRACT: The mechanism of the reaction between nitro-
nes and lithium ynolates has been studied using DFT methods
at the M06-2X/cc-pVTZ/PCM=THEF level. After the formation
of a starting complex an without energy barrier, in which the
lithium atom is coordinated to both nitrone and ynolate, the
reaction takes place in one single kinetic step through a single
transition structure. However, the formation of C—C and C—O
bonds takes place sequentially through a typical two-stage, one-
step process. A combined study of noncovalent interactions
(NClIs) and electron localization function (ELFs) of selected
points along the intrinsic reaction coordinate (IRC) of the
reaction confirmed that, in the transition structure, only the C—
C bond is being formed to some extent, whereas an electrostatic
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interaction is present between carbon and oxygen atoms previous to the formation of the C—O bond. Indeed, the formation of
the second C—O bond only begins when the first C—C bond is completely formed without formation of any intermediate. Once
the C—C bond is formed and before the C—O bond formation starts the RMS gradient norm dips, approaching but not reaching

0, giving rise to a hidden intermediate.

Bl INTRODUCTION

Nitrones 1 have amply demonstrated their synthetic utility in
[3 + 2] cycloadditions over the last 75 years." More recently,
they have been shown to be excellent electrophiles in
nucleophilic additions of organometallic reagents.” In this
context, we have reported that chiral nonracemic a-alkoxy and
Q-amino nitrones react with a variety of organometallic
reagents, including organolithium® and Grignard® derivatives,
in a completely stereocontrolled way. The stereocontrol is
exerted either by using different Lewis acids as precomplexing
agents, as in the case of a-alkoxy nitrones,” or by selecting the
appropriate protecting groups, in the case of @-amino nitrones.®
In all cases, the first step of the reaction is the formation of
complex 2 between the nitrone and the organometallic reagent
through coordination of the nitrone oxygen (Scheme 1).>”
Such coordination increases the electrophilic character of the
azomethine carbon of the nitrone, and for certain cases the
complex was proved unequivocally by NMR spectroscopy”>®
and X-ray crystallography.”

Of particular interest are the reactions of nitrones with
species bearing an electron-rich multiple bond such as lithium
and silyl ketene acetals'® and lithium ynolates,'" leading in all
cases to isoxazolidin-2-ones (Scheme 2). We have demon-

i 1 © 2015 American Chemical Society
~g7 ACS Publications

55

4076

Scheme 1. Nucleophilic Addition of Organometallic
Reagents to Nitrones
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strated that, whereas the reaction with lithium ketene acetals
(lithium a-methoxyenolates) takes place through a stepwise
mechanism,'® for the reaction with silyl ketene acetals both
one-step and stepwise mechanisms are competitive, although in
some cases the stepwise mechanism is prevalent.'>

On the other hand, much less is known about the mechanism
of the reaction between lithium ynolates S and nitrones, which
has been described'' as a typical inverse-demand [3 + 2]
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Scheme 2. Addition of Electron-Rich Double Bonds to
Nitrones
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cycloaddition (Scheme 3, route A) by analogy with other
similar processes. However, a stepwise mechanism (Scheme 3,
route B) involving the sequential formation of the two bonds
and the existence of ketene intermediate IN could also be
considered in a similar way to the reaction of lithium a-
alkoxyenolates.

In this work, a density functional theory (DFT) study of the
addition of ynolates to nitrones, which has been experimentally
studied,"! has been carried out in order to determine the
concertedness of the process and to understand the bond
formation. A complete characterization of the electronic
reorganization along the reaction is fulfilled by applying
topological ELF and NCI analyses of selected points of the
IRC.

B COMPUTATIONAL METHODS

All of the calculations were performed using the Gaussian09
program.'> Molecular geometries were optimized with the M06-2X
functional** in conjunction with the cc-pVTZ basis set."® This method
has been recently used in theoretical investigations with nitrones.'®
Analytical second derivatives of the energy were calculated to classify
the nature of every stationary point, to determine the harmonic
vibrational frequencies, and to provide zero-point vibrational energy
corrections. The thermal and entropic contributions to the free
energies were also obtained from the vibrational frequency
calculations, using the unscaled frequencies. All transition structures
were characterized by one imaginary frequency. All of the located TSs
were confirmed to connect to reactants and products by intrinsic
reaction coordinate (IRC) calculations.'” The IRC paths were traced
using the second-order Gonzéilez—Schlegel integration method.

Calculations have been carried out considering solvent effects (THF)
with the PCM model" and including discrete molecules of dimethyl
ether to complete the coordination sphere of lithium.** NCI
(noncovalent interactions) were computed using the methodology
previously described®’ Data were obtained with the NCIPLOT

program.*'® A density cutoff of p = 0.1 au was applied, and the
diagrams were created for an isosurface value of s = 0.4 and colored in
the [—0.03,0.03] au (sin 4,)p range using VMD software.”> The
electronic structures of stationary points were analyzed by a
topological analysis of the electron localization function (ELF).>®
The ELF study was performed with the TopMod program24 using the
corresponding monodeterminantal wave functions of all structures of
the IRC. The analysis of the gradient field or topology of ELF*® has
been shown to be a powerful tool for rationalizing the electron
delocalization in molecular systems,26 providing detailed insight of the
nature of the chemical bond in a variety of reacting systems.”’”
Animation given in the Supporting Information was created by
extracting and processing all points of the IRC with an in-house
program and saving the corresponding images to create an animated
GIF. Nitrone N1 (R! = R* = Me) and ynolate Yla (R® = Me) have
been chosen as models for the study. In addition, the reaction with the
simplest ynolate Y1b (R* = H) has been calculated for the purposes of
comparison (Scheme 4).

Scheme 4. Reaction between Nitrone N1 and Ynolates Yla,b
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B RESULTS AND DISCUSSION

Addition of Lithium Ynolate. The first step in the
reaction between N1 and Yla is the formation of complex Cla
without an energy barrier (Scheme 4) in a way similar to the
reaction of nitrones with other organolithium reagents.'® After
formation of complex Cla only TS1a could be located at 9.4

Scheme 3. One-Step (A) and Stepwise (B) Mechanisms for the Reaction between Lithium Ynolates and Nitrones
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keal/mol above the ground state. The geometrical constraints
imposed by both the linear triple bond and the coordination to
lithium avoids the possibility of considering other approaches
between nitrone and ynolate.

The energy profile for the reaction and main geometrical
features of TS1a and other stationary points are given in Figure
1, while Table 1 reports absolute and relative energies. The C—

(-28.7)

Figure 1. Energy diagram (M06-2X/cc-pVTZ/PCM=THF) and
stationary points for the reaction betweeen nitrone N1 and lithium
ynolate Yla. Relative free energy values (AG,gg) are given in kcal/mol.

Table 1. Calculated (M06-2X/cc-pVTZ/PCM=THF) Free
(AG, hartrees) and Relative Energies (AAG, kcal/mol) of
the Stationary Points Corresponding to the Reaction of
Nitrone N1 with Yla“

AG AAG®
N1 —248.34944
Yla —663.73457
Cla —757.13530 -53
TS1a —757.11198 94
Pla —757.17258 —28.7

“For the nomenclature of the stationary points see Figure 1.
PReferenced to isolated starting materials (N1 + Yla); an isolated
molecule of the solvent (Me,O) has been added for coherence.

C and C-O distances found in TSla were 2.04 and 3.20 A,
respectively. This computed transition structure corresponds to
an apparent one-step but highly asynchronous cycloaddition.
However, in contrast to typical dipolar cycloadditions of
nitrones,” the C—O distance is more in agreement with an
electrostatic interaction rather than a forming bond, as reported
by Schleyer and co-workers® in the case of polar [3 + 2]
cycloadditions. Any attempt to locate a ketene intermediate
such as IN (Scheme 3) failed. We found that structures of this
type are not stable as equilibrium states. Attempts to optimize
them led back to complex Cla (or go ahead to Pla), strong
evidence that a stepwise mechanism for this reaction is not
favored. Similar results have been found with ynolate Y1b,
which formed the corresponding C1b leading to P1b through
TS1b (for geometries, energy data, and details see the
Supporting Information) with an energy barrier of 8.1 kcal/
mol.

The ultimate reason for the instability of a species such as IN,
in which the lithium atom is coordinated to the oxygen atoms,
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is due to geometrical restrictions imposed by the hybridization
of the ynolate carbon atom bonded to the oxygen. The carbon
atom which is highly electrophilic does not change the sp
hybridization during the first half of the reaction. Consequently,
it is too close to the nucleophilic nitrone oxygen and a collapse
between the two centers takes place in the second half of the
reaction (for an animation see the Supporting Information).
Thus, the formation of Pla takes place in a single kinetic step
but in two stages. Actually, the formation of the two new &
bonds is nonconcerted and the process can be considered a
typical two-stage reaction, in agreement with the definition
given by Domingo and co-workers.>

The intrinsic reaction coordinate illustrated in Figure 2
confirms the two-stage character of the reaction as well as the
presence of a so-called hidden intermediate.>* The IRC analysis
(Figure 2) also explains the difference in C—C and C—O
forming bond lengths observed in TS1a. Monitoring of the two
forming bonds is also illustrated in Figure 2. Initially (first
stage), at TSla, the C—C bond is forming (de_c = 2.04 A),
whereas the C—O distance (dc_o = 3.20 A) only indicates a
noncovalent interaction (see below) but not a bond formation.
After this TS is passed and the reaction progresses (point a),
the C—C bond is practically formed (de_c = 1.56 A), whereas
the C—O bond is still not formed (de_g = 2.86 A) and the IRC
slope is relaxed. In the middle of the formed plateau the hidden
intermediate is revealed (point b, de_c = 1.54 A, de_o = 2.63
A). At the end of the plateau (point c), the C—C bond is
already formed (de_c = 1.53 A) and the C—O bond is being
formed (dc_g = 2.27 A). Only at the end of the reaction (point
d) could the C—O bond be considered formed (de_o = 1.44
A). A dlose inspection of the RMS gradient norm along the IRC
reveals that whereas for TS1 the norm is 0.00 (as expected for a
transition structure), at point b (hidden intermediate) the norm
dips, approaching but not reaching 0.

Rzepa and co-workers pointed out that hidden intermediates
could be evidenced as real species by electronically influencing
the corresponding geometry.’> However, in our case, the sp
hybridization of the ynolate carbon linked to oxygen forces a
collapse between that carbon and nitrone oxygen once the first
C—C bond is formed. We tried to reveal a real intermediate by
adding an additional discrete solvent molecule in order to affect
the geometry of the TS and thus increase the distance between
the carbon and oxygen atoms. In fact, under such conditions it
was possible to identify the corresponding minimum INla at
3.9 kcal/mol above the reagents (N1 and Yla) (Scheme 5).
The O—Li and C—O distances were found to be 2.88 and 3.10
A, respectively. The existence of intermediate IN1la could
account for an alternative stepwise mechanism in which the
lithium atom maintains a pentacoordinated environment.
However, the corresponding species bearing pentacoordinated
lithium were less stable, in agreement with previous
calculations.™ The corresponding starting complex C2a is
located 3.9 kcal/mol above the reagents, and the TS TS2a,
leading to IN1, has an energy barrier of 15.2 kcal/mol (5.8
keal/mol higher in energy than the Li-tetracoordinated TSla).
Consequently, the possibility of a stepwise mechanism should
be disregarded. The elimination of the terminal methyl group at
the ynolate (Y1b) does not affect the results and a similar
pathway that was higher in energy than the corresponding Li-
tetracoordinated pathway was found (for geometries, energy
data, and details see the Supporting Information).

NCI and ELF Analyses. To understand the C—C and C-O
bond formation processes along the two-stage, one-step addition

DOI: 10.1021/acs joc.5b00413
J. Org. Chem. 2015, 80, 4076—4083
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Figure 2. Computed (M06-2X/cc-pVTZ/PCM=THEF) intrinsic reaction coordinate (IRC) for the reaction between nitrone N1 and ynolate Y1a,
showing the relative energy (top left), the gradient norm showing a prominent hidden intermediate (bottom left), and monitoring of C—C (top
right) and C—O (bottom right) bonds along the IRC. Selected points of the IRC are TS1a, a, b, ¢, and d.

Scheme S. Reaction between N1 and Yla,b with
Pentacoordinated Lithium®
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“Relative energies to reagents (N1 + Yla or N1 + Yb) calculated at
the M06-2X/cc-pVTZ/PCM=THEF level are given in parentheses.

of lithium ynolates to nitrones, topological ELF and NCI
analyses of selected relevant points of the IRC have been
carried out. ELF analysis has been revealed as an excellent tool
to understand bonding changes along the reaction path.>*
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Domingo and co-workers reported several examples illustratin,

the utility of this topological analysis.>* NCI analysis***

shares several similarities with the atoms in molecules approach
but, in addition, three-dimensional regions are provided in
order to detect, in a qualitative way, both attractive (van der
Waals and hydrogen bonding) and repulsive (steric) inter-
actions.>® The NCI analysis, which only requires the density
function, p(r), has been demonstrated to be efficient and
applicable to a variety of systems,”” including nucleophilic
additions to C=N double bonds.*® We carried out the
complete ELF analysis for the IRC (197 points) illustrated in
Figure 2 for the reaction between nitrone N1 and ynolate Yla.
From this analysis we considered points 77 (TS1), 79, 80, 158,
and 159 of the IRC as the most relevant ones according to
Domingo and co-workers, who showed that single-bond
formation between two atoms begins by merging two
monosynaptic basins into a new disynaptic basin, associated
with the formation of the new bond** The ELF basin
populations of those selected points, including initial complex
Cla and final product Pla, are given in Table 2. The attractor
positions and the atom numbering of ELF and NCI for relevant
points of the IRC are shown in Figure 3.

The ELF topological analysis of the attractors for starting
complex Cla shows three disynaptic basins each associated
with the C—C triple bond, whose electron density integrates to
595 e (e.g, V1(C6,C7), V,(C6,C7) and V3(C6,C7)) and with
the C=N double bond, whose electron density integrates to

DOI: 10.1021/acs.joc.5b00413
J. Org. Chem. 2015, 80, 40764083
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Table 2. ELF Basin Populations for the Reaction of Nitrone
N1 with Y1a*

Me 7\6
N, 9
2 \//,OMez
s O I\O
1 Me
Mev!:l\Me 2
8 4
Cla® TS1a® P79 P80 PIS8 PI1S9 Pla°
d(C3-C7) 335 204 198 193 152 151 151
d(C6-02) 349 320 322 321 179 174 144
v(C3) 0.10
v(C7) 0.74 0.94
V(C3,C7) 1.18 1.97 1.96 197
V(C6) 0.19
Vv(02) 0.39
V(C6,02) 0.68 133
V1(C6,C7) 2.18 2.51 242 238 210 209 208
V,(C6,C7) 1.59 206 246 242 218 217 206
V4(C6,C7) 221
V,(C3N1) 186 271 241 233 178 178 178
V,(C3N1) 198

“Corresponding to the initial point 1 of the IRC. ®Corresponding to
point 77 of the IRC. “Corresponding to the final point 197 of the IRC.

3.84 e (e.g, V;(NL,C3) and V,(N1,C3)). The picture for the
final product Pla displays two disynaptic attractors associated
with the expected C—C (e.g, V(C3,C7)) and C—O (e.g,
V(C6,02)) new single bonds integrating to 1.97 and 1.33 ¢,
respectively. Also, two disynaptic attractors associated with a
C—N single bond (e.g, V(N1,C3)) and C—C double bond
(e.g, V1(C6,C7)) and V,(C6,C7) integrating to 1.78 and 4.14
e, respectively, are shown. The NCI analysis of Cla (Figure 4)
shows a clear favorable interaction (green-blue surface)
between the 7 systems corresponding to ynolate and nitrone.

At TSla no monosynaptic basin appears at the nitrone
carbon C3, but one is present for the C6 atom integrating to
0.74 e. At this TS the C6—C7 bonding region is characterized
by V(C6,C7) integrating to 4.57 e (from 595 e at Cla),
indicating that transfer of the electron density from the triple
bond to the nitrone has started. Indeed, the C3—N1 bonding
region is characterized by only one disynaptic basin V(C3,N1)
integrating to 2.71 e (from 3.84 e at Cla). The NCI analysis of
TS1a shows the forming bond as a strong favorable interaction
(blue ring) corresponding to the electronic transference
mentioned above. In addition, a weak interaction (green
surface) is present between the nitrone oxygen and C6. This
observation is in agreement with a favorable interaction but not
with a forming bond between C6 and O2 atoms. At P79, the
V(C7) monosynaptic basin increases to 0.94 e and a new
monosynaptic basin V(C3) integrating to 0.1 e appears at the
electrophilic center C3 of the nitrone moiety. These
monosynaptic basins merge into a new disynaptic basin,
V(C3,C7) integrating to 1.18 e, at the following point of the
IRC (P80), indicating that the first C3—C7 bond is already
being formed at d(C3,C7) = 1.93 A. The NCI analysis reflects
that the same favorable interaction between C6 and O2
observed for TS1a is still present (Figure 4), while the C3—C7
bond has been completely formed.

Going ahead on the IRC, the V(C3,C7) disynaptic basin
increases its population until 1.86 e at point 97 (point a, Figure
2) with a C3—C7 distance of 1.56 A; at this point the C3—C7
bond is essentially formed. Notably, no monosynaptic basins
appear at C6 and O2, indicating that, at this point, the
formation of the second C6—02 single bond has not begun. At
P158, the C3—C7 bond is formed completely (d(C3,C7) =
1.52 A) and the electron density of the V(C3,C7) disynaptic
basin is 1.97 e. At this point, two new V(C6) and V(02)
monosynaptic basins appear, integrating to 0.19 and 0.39 e,
respectively. At P159 (d(C3,C7) = 1.51 A, d(C6,02) = 1.74
A), these monosynaptic basins merge into the new V(C6,02)
disynaptic basin integrating to 0.68 e, which corresponds with

P158

o,

V(C3,C7)

P159

Figure 3. Most relevant ELF attractors at selected points of the IRC of the reaction between nitrone N1 and ynolate Y1a.
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Figure 4. NCI analysis of relevant points Cla, TS1a, P80, and P159.
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Figure S. Evolution of electronic basin populations along the reaction coordinate. An EP value close to 6 represents a triple bond, while those close

to 4 and 2 represent double and single bonds, respectively.

the formation of the second C6—02 single bond. The NCI
analysis of P159 (Figure 4) also reflects a transformation of the
previously observed favorable interaction into the bond
between C6 and O2 atoms (for a complete animation of
both ELF and NCI analyses for the whole IRC see the
Supporting Information).

These results are in agreement with a two-stage, one step
process in which, initially, the C3—C7 single bond is formed in
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the first part of the reaction path, whereas the second C6—02
single bond is formed during the second part of the reaction.
Figure 5 shows the evolution of electronic populations along
the reaction coordinate for selected bonds. When the first C3—
C7 bond is formed, the C3—N1 double bond becomes a single
bond and, simultaneously, the C6—C7 triple bond becomes a
double bond. At the same time the C6—09 bond increases its
population up to 2.6 e, too low to be considered a double bond.

DOI: 10.1021/acs joc.5b00413
J. Org. Chem. 2015, 80, 4076—4083
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Consequently, it is evident that a species resembling a ketenic
intermediate is not formed at any moment. This situation is
maintained along the reaction until the second C6—02 bond is
formed. At that moment, the electronic population of the C6—
09 bond returns to typical values corresponding to a single
bond. The bond-forming evolution flustrated in Figure S is
fully consistent with a chemical reaction accounting of a single
kinetic step, as it is evident that the two bonds C3—C7 and
C6—02 are formed in a consecutive way.

B CONCLUSIONS

In summary, in the reaction of nitrones with ynolates both sp
hybridization and coordination to the lithium atom are
responsible for placing carbon and oxygen atoms at such a
distance in TS1 which, given the electronic and geometric
features of the reaction, results in close enough contact to
promote the formation of the C—O bond once the C—C bond
is formed in a typical two-stage reaction cotresponding to a
single kinetic step. Consequently, no ketene intermediates are
formed. The ELF bonding analysis of the IRC of the reaction
confirms the highly asynchronous mechanism in which the
formation of C—C and C—0O bonds of the final isoxazolidine
accounts in a consecutive way. Transfer of electronic density
from the triple bond of the ynolate toward the electrophilic C—
N double bond is completed during the first stage of the
reaction, and only when the first C—C bond is formed does the
formation of the second C—O bond begin. The NCI analysis is
consistent with the presence of favorable interactions between
Cé and O2 prior to the bond formation and reveals the

moment in which the new bonds are formed.
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Figures, tables, and files giving details of calculations
cotresponding to the reaction of unsubstituted ynolate Y1b
and to the reaction of Yla and Y1b through lithium
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level of theory, Cartesian coordinates of optimized structures,
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4.4.- Reaccion de nitronas con enolatos de litio

La adicion de enolatos metélicos a nitronas, reaccion de tipo Mannich, ya habia sido
estudiada anteriormente en nuestro grupo de investigacion.” En la bibliografia se
pueden encontrar numerosos ejemplos de esta reaccion con enolatos derivados de
ésteres y varios metales (y también no metales): litio,® sodio,®® titanio,** boro,¥*%% y
silicio® (en este wltimo caso, siempre en presencia de un 4cido de Lewis). Mucho
menos frecuentes son los ejemplos de reacciones con enolatos metéalicos derivados de
cetonas’ y, hasta donde sabemos, no existe en la bibliografia ningin ejemplo de
enolatos derivados de aldehidos.

La reaccion de nitronas con enolatos de litio derivados de ésteres que proporciona
isoxazolidin-5-onas tiene lugar en dos pasos y transcurre a través de un intermedio
abierto muy estable. De hecho, en algunos casos este intermedio puede aislarse en su
forma protonada como el correspondiente B-(hidroxiamino)éster (esquema 13).%

3 s
I>O\ |\_-/S R3O R3O RSO
e I\
(@) S )\O
— N, .S — O-. Lil — O
Q 1\ REN RN
RN RioN g2 R2 R?
complejo reactivo intermedio B-hidroxiamino
l ésteres
3 O
RO oL .
L5 — L6
- S .
R? R?

isoxazolidin-5-onas

Esquema 13: Reaccidn de nitronas con enolatos de litio derivados de ésteres para dar isoxazolidin-5-onas y/o B-
hidroxiamino ésteres.

Por el contrario, no se conocia qué podria ocurrir en el caso de enolatos derivados de
cetonas o de aldehidos, cuya distribucion electronica es bastante diferente de la de los
derivados de ésteres.”® De hecho, el efecto dador del sustituyente (Z = R 6 H) seria
apreciablemente menor que en el caso de los enolatos derivados de ésteres (Z = OR). En
estos casos, un mecanismo concertado debe considerarse como una alternativa
(esquema 14).
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Esquema 14: Mecanismos concertado y por pasos en la adicion de enolatos de litio a nitronas.

A la vista de los resultados presentados en el apartado anterior, decidimos reinvestigar
la reaccion de adicion de enolatos a nitronas; ya que, en este caso, la presencia de un
sustituyente en el &tomo de carbono que forma el segundo enlace ofrecia la posibilidad
de introducir modificaciones estéricas y/o electronicas que dieran lugar a un cambio en
el mecanismo de la reaccion, y a la posibilidad de un intermedio escondido.

Como se ha comentado en el apartado precedente, es posible revelar un intermedio
escondido en una reaccion, modificando la distribucion electronica del sistema.®* En el
caso anterior fue posible, mediante la introduccion de una nueva molécula de
disolvente, crear un impedimento estérico que evitara el colapso directo al producto
final. En la figura 12 se representa el IRC de una reaccion con un intermedio escondido
(trazo azul) y las dos formas de revelar su existencia: la estabilizacion del intermedio
(trazo verde) o la desestabilizacion del posible estado de transicion (trazo rojo).

Dado que no existian andlisis en la bibliografia al respecto, se decidio llevar a cabo un
estudio completo DFT sobre los posibles mecanismos de la reaccion de adicion de
enolatos derivados de cetonas, aldehidos y ésteres a nitronas. Se eligieron como modelo
los compuestos correspondientes con grupos metilo como sustituyentes, en concreto:
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N-o6xido de N-etilidenmetanamina (C,N,-dimetilnitrona, R! = R? = Me) como nitrona y
los enolatos derivados de acetaldehido (Z = H), acetona (Z = Me) y acetato de metilo
(Z=0OMe). Adicionalmente, y de forma similar a lo realizado en la investigacion
anterior, los célculos DFT se complementarian con estudios topoldgicos ELF y NCI
para poder describir con mayor detalle el proceso de formacion de los enlaces.

20

15

10 ~

©
2
&
g
g s
(]
(=
w
Primer ET
0
Segundo ET (si es por pasos)
-5

0 2 4 6 8 10 12

Coordenada de reaccion intrinseca (IRC)

Figura 12: Diferentes formas de revelar un intermedio escondido afectando a la electrdnica de una reaccién.

Para comenzar el estudio, se modelizo la adicion de una molécula de enolato de litio a
la nitrona modelo, partiendo directamente del complejo ya formado.!'®2138!1 A pesar de
que los enolatos de litio forman tetrdmeros en medios polares,’* se considerd que la
formacion del complejo enolato-nitrona era suficiente para desagregar cualquier posible
complejo.”® Respecto de la aproximacion de los reactivos, habia que tener en cuenta que
tanto la nitrona como el enolato son planos, por lo que tienen dos posibles caras sobre
las que llevar a cabo la adicion. En el estudio se consideraron las dos caras so6lo en uno
de los reactivos, ya que hacerlo en ambos daria lugar al calculo de especies
enantidmeras, de igual energia. Ademas, existen tres disposiciones alternadas alrededor
del eje que une los dos 4tomos de carbono que van a formar el primer enlace, lo que da
un total de seis aproximaciones diferentes (esquema 15). De ellas, solo en tres se
mantienen la coordinacion del cation litio la nitrona (aproximaciones a-c), mientras que
en las otras tres, dicha coordinacion resulta imposible debido a la excesiva distancia. En
estos casos se produciria la aproximacion directa nitrona-enolato, sin formacion de
complejo inicial; lo que seguramente penalizaria energéticamente los correspondientes
ETs, si bien se decidié no descartarlos de entrada (aproximaciones d-f).
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Esquema 15: Aproximaciones estudiadas en la formacidon del primer enlace.

Si la reaccion fuera en dos etapas, los intermedios serian, formalmente,
interconvertibles mediante rotaciéon de enlaces sencillos y descoordinacion y re-
coordinacion del Li, ya que se forma solamente un centro estereogénico (el cual ha sido
fijado). Sin embargo, la formaciéon del segundo enlace genera un nuevo carbono
asimétrico, por lo que tendria dos variantes diasteredmericas, en funcién de la
configuracién del anillo generado (esquema 16). En el caso del enolato derivado de
acetato de metilo, ambas confluirian en el mismo producto final, la isoxazolidin-5-ona
observada experimentalmente, mientras que con los enolatos derivados de acetona y
acetaldehido, se obtendrian dos isoxazolidinas diasteredmeras. Las posibilidades serian
las mismas si la reaccion fuera concertada, pero en este caso la configuracion del ciclo
vendria dada por la geometria del ET.
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En primer lugar, se decidio calcular el mecanismo de la adicion del a-metoxienolato a
la nitrona modelo que, segiin se habia descrito en trabajos anteriores, era por pasos.?%?
Los resultados mostraron que, de acuerdo con lo esperado, las aproximaciones en las
que el atomo de litio no se coordina primero a la nitrona resultan energéticamente mas
costosas (mas de 10 kcal/mol por encima) que las que forman primero el complejo
(figura 13). Los tres ETs restantes dan lugar a dos intermedios conformacionalmente
diferentes, y estos a su vez se transforman estereoselectivamente en el correspondiente
ortoéster ciclico final. Curiosamente, el ET mas bajo en energia conduce al ciclo menos
estable, lo que implicaria la posibilidad de obtener productos diferentes segun las
condiciones de reaccion (condiciones de control cinético o termodinamico). Sin
embargo, en el tratamiento de la reaccion, se produce la eliminacion del grupo metoxi y
ambos productos confluyen a la misma isoxazolidin-5-ona. La causa de que la reaccion
sea por pasos es la gran estabilidad de los intermedios de reaccion, lo que también
justifica que en ocasiones se haya encontrado experimentalmente la hidroxilamina sin
ciclar como producto de la reaccién.”

—  TS1d (28.7)
—  TS1f(26.3)
——  TS1e(225)

/—— TS1b (8.5)
S\ TSte (7.2)
/S \TS1a (6.4)

OMe i AW

TS1a
N-C-C-C: 65.3° N-C-C-C: 29.7° N-C-C-C: -31.6°

Figura 13: Diagrama energético y especies implicadas en la reaccion de a-metoxienolato (derivado de acetato de
metilo). La ruta de menor energia se muestra en color azul.

A continuacién, se repitieron los calculos para la adicion a la nitrona modelo del
a-metilenolato (derivado de acetona). Los resultados encontrados, resumidos en la
figura 14, fueron muy similares a los obtenidos en el primer caso, con una excepcion: el
analisis IRC mostré que uno de los ET (TS2b) en el que la distancia entre los atomos
que iban a formar el segundo enlace (Cenol-Onit) era mas corta no daba lugar a un
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intermedio, sino que iba directamente al producto final; Ademas, en la inspeccion
detallada del IRC, se aprecio claramente la presencia de un intermedio escondido.
Aunque los ETs calculados son geométricamente muy parecidos a los obtenidos
partiendo del a-metoxienolato, la ausencia del efecto dador del grupo metoxi hace que
en uno de los casos, no pueda encontrarse un intermedio en la trayectoria de reaccion y
se produzca el colapso al producto final. Este efecto se nota particularmente en la
estabilidad de los intermedios localizados que aparecen mas de 5 kcal/mol por encima
de los a-metoxi analogos.

A pesar de todo, la nueva ruta concertada encontrada era energéticamente menos
favorable que las analogas por pasos, por lo que no se produciria un cambio en el
mecanismo de la reaccion.

TS2d (30.2) —
TS2f (29.8) ——
TS2e (24.4) =——
TS2b
(11.7)
4 \
TS2¢ (9.9) ~——
TS2a(8.3) [\
Me " ,// ‘\‘\\\ \\\
Aou ;o
NI+ENb . [
00) 2 . IN2a
c2 v (-2.0)
(4.2)

TS2a TS2b TS2c
N-C-C-C: 75.7° N-C-C-C: 43.9° N-C-C-C: -45.7°

Figura 14: Diagrama energético y especies implicadas en la reaccién de a metilenolato (derivado de acetona). La
ruta de menor energia se muestra en color verde.

Finalmente, se llevaron a cabo los célculos computacionales para la adicion a la

nitronas modelo del enolato no sustituido (derivado de acetaldehido). Los resultados
obtenidos, mostrados en la figura 15, presentaron el mismo patron que en el estudio

realizado utilizando a-metilenolato: el ET (TS3b) que presentaba la distancia Cenol-Ohnit
mas corta daba lugar a un mecanismo concertado. La diferencia importante estribaba en

que ahora ese camino era el de menor energia, con lo que en este caso si se produciria
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un cambio de mecanismo en la reaccion. La razon de ello es, sin duda, el menor

contacto estérico con el grupo N-Me que ofrece Z = H respecto a Z = Me.
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TS3f(29.2) ——

TS3e (27.9) =—

TS3a (12.3)
/ \

TS3c (12.1) [ TS3b

1! \ (10.5)

X
i N
1 \
—
[ \
\
v \
\

i
7 N Nz o TS6a (3.5)
I , W\ AN \

7\ (1.8) 7y, TS6b (1.3)

" ,
/ | \—

7

/

=z
¥
m
=z
0//
o
w
T

TS6b

TS6a

\ «
TS3a TS3c TS3b
N-C-C-C: 101.0° N-C-C-C: -44.7° N-C-C-C: 45°
Figura 15: Diagrama energético y especies implicadas en la reacciéon del enolato derivado de acetaldehido. La ruta

de menor energia se muestra en color rojo.

En la figura 16 se muestra una comparativa entre las rutas mas favorables para cada
uno de los tres tipos de enolatos estudiados (derivados de ésteres, de cetonas y de
aldehidos). Como se puede apreciar en la figura, la reaccion mas favorecida corresponde
a la reaccion con enolatos derivados de éster, cuyos intermedios son mas estables,

apoyando asi el mecanismo en dos pasos. Andlogamente, los enolatos menos ricos en

densidad electronica, derivados de aldehidos son los menos reactivos y quiza por ello no
se encuentren ejemplos experimentales en la bibliografia frente a los mas numerosos

ejemplos de reacciones con enolatos derivados de ésteres.

En cuanto a los andlisis topologicos, el célculo de ELF ayud6 a determinar el
momento en que ocurria exactamente la formacion de los enlaces. Esto no resulté muy
relevante para las reacciones por pasos, pero sirvid para determinar inequivocamente
que ambos enlaces se formaban consecutivamente, y no a la vez, en el caso de

mecanismos concertados. El resto de movimientos electronicos, en cualquiera de los

tres supuestos (Z = OMe, Me 6 H), resultaron muy similares a los descritos en el

apartado anterior para inolatos de litio: se observd cémo los dobles enlaces se
convirtieron en sencillos, la aparicion del par no compartido en el 4&tomo de nitrégeno

de la nitrona, y como cambiaba la coordinacién del cation litio a lo largo de la

coordenada de reaccion.
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Figura 16: Comparativa de diagramas de reaccidn para la reaccién de nitronas con enolatos derivados de ésteres,
cetonas y aldehidos (se muestra la via mas favorable para cada caso).

Por su parte, NCI resultd particularmente interesante para evidenciar las diferencias
presentes entre el intermedio real (caso del a-metoxienolato) y su equivalente con el
enolato no sustituido en o, el intermedio escondido (figura 17). La cantidad de
isosuperficies que mostraban interacciones atractivas era mayor en este segundo caso, lo
que justificaria el colapso de la reaccion. A pesar de ello, hay que remarcar que seria
muy arriesgado aventurar si un mecanismo va a ser concertado o por pasos simplemente

viendo las figuras. Para que ello fuera posible, NCI deberia ser cuantitativo, y habria de
calibrarse adecuadamente para que fuera comparable entre sistemas diferentes.

v
Figura 17: Comparacion entre el intermedio encontrado para el a-metoxienolato (izquierda) y el intermedio
escondido (punto 82 del IRC) correspondiente al mecanismo preferido para el enolato sin sustituir (derecha).
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En resumen, si se observa la geometria de los ETs mas estables encontrados para cada
tipo de enolato (figura 18), se encuentra que los enolatos sustituidos (Z=OMe 6
Z =Me) evitan la interaccion estérica desfavorable con el grupo N-Me de la nitrona
dando lugar a mecanismos por pasos, mientras que en el enolato no sustituido (Z = H) el
impedimento estérico es menor, hay una menor distancia Clenoi-Onit y el mecanismo
concertado es el mas favorable.

S S
Z /_O _____ Li I?"“/‘Li\s
" ///r / S %<"“/O
e~ P Z
R / 2
\N\ Me&;‘:
Me \Me
Z = OMe, Me Z=H

Figura 18: ETs mas estables para la adicion de enolatos derivados de éster, cetona (a la izquierda) y aldehido (a la
derecha) a nitronas.

Como conclusiones de esta investigacion es posible decir que, para el enolato
derivado de acetato de metilo, es preferible una conformaciéon en la que el grupo
metoxi quede lo mas alejado posible del grupo N-Me de la nitrona. La larga distancia
que queda entre los atomos que formaran el segundo enlace, unido a la estabilizacion
proporcionada por el grupo metoxi, hace que todos los caminos encontrados sean por
pasos. En cambio, para el enolato derivado de acetaldehido resulta mas ventajosa la
conformacion contraria, la cual maximiza las interacciones electrostaticas entre ambas
moléculas sin por ello provocar repulsion entre los grupos laterales (el atomo de H es
demasiado pequefio para ello). La corta distancia Clenol-Onit €s la responsable ahora de
que la reaccion sea concertada pero altamente asincrona. Finalmente, el caso del
enolato derivado de acetona podria considerarse intermedio, donde la estabilizacion
electronica no es tanta como con el grupo metoxi, y el mecanismo concertado aparece;
pero a la vez el impedimento estérico es mayor que con hidrogeno, por lo que éste
resulta no ser el preferido.

A continuacidn, se presenta una copia del trabajo publicado.
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The mechanism of the addition of lithium enolates derived
from esters, ketones and aldehydes to nitrones (Mannich-
type reaction) has been studied using DFT methods. While
the reactions with a-methoxy and o-methyl enolates takes
place through a stepwise mechanism, consisting of an initial
nucleophilic attack of the enolate to the nitrone carbon fol-
lowed by a second nucleophilic attack of the nitrone oxygen
to the formed carbonyl group, the reaction with a-unsusbti-
tuted enolates takes place through a one-step mechanism.

The IRC analysis shows the presence of a hidden intermedi-
ate in agreement with one kinetic step two stages process.
The topological analysis of the electronic localization func-
tion (ELF) confirms that only when the first C-C bond is
formed, does the C-O bond formation begin. The NCI analy-
ses, are also in agreement with the formation of intermedi-
ates for a-methoxy and a-methyl enolates and a highly asyn-
chronous one-step process in the case of a-unsusbtituted
enolates.

Introduction

Mannich-type reactions are probably the most popular
approach for the synthesis of B-amino carbonyl com-
pounds.[] The direct addition of enolates to a variety of
functionalities including imines” as well as other C=N
groups such as nitrones, hydrazones and iminium salts®! is
especially useful to create different types of B-nitrogenated
carbonyl derivatives in a single synthetic operation. In par-
ticular, the use of nitrones as substrates has received con-
siderable attention because they lead to P-aminocarbonyl
functionalities in which the nitrogen group is at an interme-
diate oxidation state (Scheme 1). The final product can be
a B-hydroxyamino carbonyl derivative or the corresponding
isoxazolidin-2-one obtained after an intramolecular cycliza-
tion. In addition, the Mannich-type reaction of nitrones has
provided access to enantiomerically pure compounds of
biological and pharmacological interest including amino
sugars,” imino sugars,’! nucleoside analogues,® sphingo-
sines!”! and amino acids.[®!

[a] Laboratorio de Sintesis Asimétrica, Departamento de Sintesis
y Estructura de Biomoléculas, Instituto de Sintesis Quimica y
Catalisis Homogénea (ISQCH), Universidad de Zaragoza,
CSIC,

Campus San Francisco, 50009 Zaragoza, Aragon, Spain
E-mail: pmerino@unizar.es,
http://www.pmerino.com

[b] Departamento de Quimica Fisica and Instituto de
Biocomputacion y Fisica de Sistemas Complejos (BIFI),
Universidad de Zaragoza,

Campus San Francisco, 50009 Zaragoza, Aragon, Spain

O Supporting information for this article is available on the

WWW under http://dx.doi.org/10.1002/ejoc.201500447.

Eur. J. Org. Chem. 2015, 4143-4152

73

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R3
ey
0
2 N-
R1/§N’R R3 R2/ o
|
4 ©- RWZ 4 (for Z=OR)
+ — —  or
- Rz/N\OHO , R3
0 R
z
~R? 3
2)\/ N0 "o
2 2
5(forZ=H, R)

Scheme 1. Mannich-type reactions of nitrones.

Several nucleophiles can be used in the reaction,’”! the
most commonly employed being enolates derived from es-
ters in the form of lithium,!°¢! sodium,®@! boron8»1% and
titanium salts.!®®-1%-111 Sily] enolates derived from esters (silyl
ketene acetals) have also extensively used in the presence of
Lewis acids.[4b:0b.6¢.8¢.8¢.12]1 Recently, enol silanes formed in
situ, derived from ketones, amides and thioesters have been
reported to add to nitrones in the presence of trialkylsilyl
trifluoromethane-sulfonates.!'3) On the contrary, there are
only two examples regarding the reaction between nitrones
and metal enolates derived from ketones!'* and a self-cata-
lyzed Mannich-type reaction between nitrones and 1,3-di-
carbonyl compounds (without any base) has been recently
reported.l'! To the best of our knowledge, no previous re-
ports on the reaction with metal enolates derived from alde-
hydes are documented.

From a mechanistic point of view, the addition of silyl
ketene acetals to nitrones presented some controversy since

Wiley Online Library 4143
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the reaction was initially postulated to take place through
a stepwise mechanism!®>1¢l whereas a concerted mechanism
involving a pentacoordinate silicon was also invoked on the
basis of semiempirical calculations.[®?] On the other hand, a
different semiempirical study pointed out that the mecha-
nism of the reaction could change from concerted to step-
wise depending on the Lewis acid used as activating
agent.l'”l Further DFT calculations with very simple mod-
els in gas phase and without considering Lewis acids (which
are required for the advance of the reaction) presented the
reaction like a typical concerted inverse-demand 1,3-dipolar
cycloaddition.!'8] Finally, consideration of a more realistic
scenario taking into account both the presence of Lewis
acids and solvent effects confirmed that both concerted and
stepwise mechanisms are competitive.['°)

Experimental and theoretical investigations have demon-
strated that the reactions of organometallic reagents, such
as organolithium!'®2% and Grignard?!l derivatives, with
nitrones take place through the initial formation of a com-
plex SC (Scheme 2). When the nucleophile is a lithium enol-
ate (usually derived from an ester) the final product of the
reaction is an isoxazolidine. This heterocycle could be
formed from the initial complex SC through either a con-
certed mechanism (Scheme 2, A) or a typical nucleophilic
addition stepwise mechanism (Scheme 2, B). During past
investigations we confirmed the stepwise mechanism for a-
methoxy enolates derived from esters (Z = OR).11%:20] [n
that case, the stepwise mechanism is favored because of the
stabilization of the developing positive charge in TS-B1 by
the Z = OR group. However, it remains unstudied the case
of lithium enolates derived from aldehydes and ketones
(Scheme 2, Z = H, R) in which such stabilization is not
present and the concerted mechanism could be an option.

Z s s z t
- z
_Lig *8 s
/]\o s /l\o B )\o—jLi\/
LA— \L,/S — | 7 Ss
0 o L
RioN e RN RI=N. o
sC TS-B1
Z=H,R, OR Al l
)
z +/
.--LI\
(@] /_s
N/
R R?
IN

TS-B2

Scheme 2. One-step (A) and stepwise (B) mechanisms for the ad-
dition of lithium enolates to nitrones.

Despite the apparent similarity between lithium enolates
derived from aldehydes, ketones and esters all these species
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are rather different if we consider their electronic proper-
ties,?? which are crucial for the stability of postulated inter-
mediates. In order to shed some light on the preferred path-
ways (concerted or stepwise) it is necessary a full theoretical
study considering in detail all the possible paths. Herein, we
report a DFT study on the reaction of lithium enolates de-
rived from esters, ketones aldehydes. The study includes a
detailed analysis of all points of the intrinsic reaction coor-
dinates (IRCs) by using NCI and ELF topological analyses
that will allow discerning the concertedness of each process.

Results and Discussion

Mechanistic Study

Even though a lithium enolate can be expressed as ROLI,
its composition in a real solution is far more complex. In
polar solvents like THF (and in the absence of chelating
agents) lithium enolates are cubic tetramers,[>3! although in
some cases dimers can be formed and, in the presence of
additives, monomers can also be present.’*! A computa-
tional study carried out with the lithium enolate derived
from acetaldehyde demonstrated that monomeric species is
important in the equilibrium due to its high solvation ener-
gies,!>S] although more recent calculations showed that tet-
ramer is the major species in THF, monomeric species being
preferred in the presence of chelating agents.[>*) Additional
computational studies reported that modeling by coordina-
tion to dimethyl ether and dielectric solvation reduces con-
siderably the exothermicity of the aggregation.l*”? An exper-
imental study with the lithium enolate of a-phenylcyclohex-
anone demonstrated that an equilibrium exists between the
monomer and the dimer, the former being more reactive in
alkylation reactions.”®! Thus, it is reasonable to assume
that, with independence of the structural type of the lithium
enolate in solution, the nitrone can break the aggregates (in
a similar way to the reactions with Grignard reagents/>l)
and form an initial complex SC as considered for other re-
actions.?7]

We consider six different approaches, leading to the cor-
responding transition structures, between nitrone NI and
monomeric enolates ENa, ENb and ENc, corresponding to
three staggered orientations and two different faces of the
enolate (Scheme 3). From these six approaches only three
of them, leading to a, b, and c¢ series allow the preferred
coordination of both reagents to the lithium atom. Thus,
for those leading to d, e, and f series, corresponding to a
direct approach without formation of an initial complex, an
additional molecule of solvent has been added to complete
a fourfold coordination sphere for lithium.% We first re-
visited the mechanism of the nucleophilic addition of a-
methoxy enolate ENa to nitrone NI. In our previous re-
port!!?! we considered IN (Scheme 2), formed from complex
SC through TS-B1, as the final product of the reaction.
However, the reaction can continue through two alternative
diastereomeric channels to form cyclic cis and trans prod-
ucts PR which evolve to the isoxazolidin-2-one 4 observed
experimentally (Scheme 4).[62.20¢:31]
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Scheme 3. Approaches between nitrone NI and enolates ENa—c.

Formally, the reaction between NI and ENa to form Pla
and P1b can be considered a (3+2) cycloaddition. The
analysis of the potential energy surface showed the direct
approach higher in energy and thus the corresponding tran-
sition structures TS1d, TS1le and TS1f were not further
considered (Figure 1). On the other hand, formation of a
complex C1 resulted in a stabilization of 4.2 kcal/mol.
Starting from C1 the three transition states TS1a, TS1b and
TSle, corresponding to the formation of a C—C bond be-
tween the most nucleophile center of the enolate ENa (the
unsubstituted methylene) and the most electrophilic center
of the nitrone NI (the azomethine carbon) through the two
faces of the enolate, were located. The complete mechanism
is given in Scheme 4 while the energy profile for the reaction
and main geometrical features of stationary points corre-
sponding to the formation of Pla and P1b are given in
Figure 1.

S

The IRC analyses confirmed C1 as the starting point for
the three transition structures, and IN1b as the final point
for both TS1b and TSlc; for TS1a in which the addition of
the nitrone takes place by the other face of the enolate IN1a
was identified as the final point. The most stable transition
state corresponds to TSla with an energy barrier of 6.4
kcal/mol whereas TS1b and TSlc present barriers of 7.2
and 8.5 kcal/mol, respectively. According to a classical
Boltzmann distribution analysis, TS1a accounts for 80% of
all the transition structures but in terms of the mechanism
it is irrelevant because all the approaches are stepwise.

The distances of the forming bond in TS1a, TS1b and
TSlc are 2.18, 2.14 and 2.15 A, respectively, whereas the
distances between the nitrone oxygen and the enolate
carbon linked to the two oxygen atoms are 3.43, 3.11 and
3.54 A for TS1a, TS1b and TSlc, respectively thus confirm-
ing the absence of a close interaction between the two reac-
tive centers. Consequently, the reaction is a typical nucleo-
philic addition. Indeed, any attempt of locating concerted
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Scheme 4. Reaction betweeen nitrone NI and a-methoxy enolate ENa.
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transition structures in which the formation of the two
bonds could take place in a concerted (although asynchro-
nous) manner, failed. The stability of IN1a and IN1b was
confirmed after the corresponding optimizations which
showed them to be 11.8 and 13.2 kcal/mol below the
ground state, respectively. Both intermediates could also in-
terconvert through a process of de-coordination of the lith-
ium atom and rotation of the ester moiety. The formation
of IN1a and IN1b is followed by the intramolecular attack
of the hydroxyamino group to the ester carbonyl, via the
planar four-membered ring transition states TS4a and
TS4b, leading eventually to the lithium coordinated ortho-
esters Pla and P1b, respectively. The forming C-O bond
lengths in TS4a and TS4b are 2.06 A and 1.94 A, respec-
tively and in both cases the IRC analysis showed IN1a and
IN1b as the starting points. Also, in both TS4a and TS4b
the forming isoxazolidine ring adopts an envelope confor-
mation. The channel b is favored over the channel a since
the nucleophilic attack of the oxygen atom to the ester carb-
onyl in the latter is found to be sterically better positioned.
The whole processes are exergonic by 10.6 kcal/mol for
channel a and 14.5 kcal/mol for channel b. As a result,
whereas channel a is kinetically preferred because TSla, at
the rate-determining step, is the most stable, channel b is
more favorable thermodynamically. However, the selectivity
cannot be experimentally observed because after quenching
the reaction the corresponding orthoesters eliminate the
methoxy group to give isoxazolidine-2-one 4. We have not
studied computationally the final step leading to 4 because
it has no relevance in the mechanism of the addition reac-
tion. Thus, in the case of a-methoxy enolates the stability
of intermediates IN1a and IN1b is ultimately responsible
for the process to be stepwise. Indeed, in some similar cases
it has been observed experimentally®? the obtention of free
hydroxylamine directly derived from those complexes.

In the case of ketone enolate ENb, calculations also es-
tablish that the direct approach, in which only ENb is coor-
dinated to lithium, are prohibitively high in energy, with
energy barriers of 30.2, 24.4 and 29.8 kcal/mol for TS2d,
TS2e and TS2f, respectively. On the other hand, starting
from complex C2, located at 4.2 kcal/mol below the ground
state, energy barriers of 8.3, 9.9 and 11.7 kcal/mol were
found for TS2a, TS2¢ and TS2b, respectively (Scheme 5,
Figure 2). The geometrical features as well as the energy
profile are given in Figure 2.

The IRC analysis for TS2a and TS2c¢ (both attacking by
the same face of the enolate) confirmed intermediates IN2a
and IN2b as the final points of the reaction. However, the
same analysis for TS2b (corresponding to the attack for a
different face of the enolate) indicated the process as con-
certed, the product P2a being the final point. The geome-
tries of transition structures TS2a—c (R = Me, Scheme 5)
are similar to the corresponding partners TSla—c
(Scheme 4) but the electronic features are different. In the
case of TS1b, the presence of the methoxy group contrib-
utes to stabilize the developing partial positive charge at the
carbonyl carbon atom; the C-O distance of 3.11 A indicates
that electrostatic interaction is not enough for causing the
collapse of the second forming bond. Under these circum-
stances the intermediate IN1b is enough stable to exist. On
the other hand, in TS2b the methyl group is not capable of
stabilizing the above mentioned partial positive charge and,
consequently, the electrostatic interaction between carbon
and oxygen atoms is stronger (as revealed by a shorter C—
O distance of 3.05 A). In this scenario the C-O interaction
collapses to a bond and the reaction takes place in one sin-
gle kinetic step. This sort of spontaneous downhill process
is well known and it has also been observed by other au-
thors.[>* The endo orientation of the methyl group causes
unfavorable steric interactions that explain the higher en-
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Scheme 5. Reaction betweeen nitrone NI and enolates ENb,c.
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Figure 2. Energy diagram (M06-2X/cc-pVTZ/PCM=THF) and sta-
tionary points for the reaction betweeen nitrone NI and o-methoxy
enolate ENb. Relative free energy values (AGyog) are given in kcal/
mol.

ergy of TS2b with respect to TS2a and TS2c. As in the case
of a-methoxy enolate, the formation of IN2a and IN2b is
followed by an intramolecular attack through TS5a and
TS5b leading to orthoesters P2a and P2b, respectively
(Scheme 5, R = Me).

Notably, the IRC analysis of the concerted pathway
showed a shoulder revealing the presence of a so-called hid-
den intermediate (Figure 3).**1 According to this analysis
and the excessively long forming C—O bond (3.05 A), only
when the transition state is passed and the C-C bond is
formed, does the formation of the second C-O bond start.
This process consisting in two consecutive chemical events
(formation of C-C and C-O bonds) is in agreement with a
typical one-step-two-stages reaction according to Domingo
and co-workers?*®! and similar to that observed for the reac-
tion between nitrones and lithium ynolates.[’? Indeed, on-
going from TS2b to cycloadduct P2b, through IRC, inter-
mediate structures (see below the ELF analysis) have the C—
C bond already formed whereas the C-O bond formation
is very delayed. However, steric reasons due to the inside
orientation of the methyl group make TS2b higher in en-
ergy and we can conclude that this path is not preferred for
this reaction. The Boltzmann distribution analysis pre-
dicted that TS2a, corresponding to the stepwise process, ac-
counts for almost 95% of all the transition structures while
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TS2b, corresponding to the one-step process, accounts for
only 5%. Consequently, despite the presence of the con-
certed path, the reaction between nitrone NI and o-methyl
enolate ENb takes place through a stepwise mechanism
with a barrier of 8.3 kcal/mol at the rate-limiting step.

Total Energy along IRC

Total Energy (Hartree)

25 20 45 40 5 0 5 10 15
Intrinsic Reaction Coordinate
RMS Gradient Norm along IRC

00035

00030

00025

0.0020 hidden
intermediate

0.0015

0.0010 -

RMS Gradient Norm (Hartree/Bohr)
o
g
¥

0.0000 -

I T T T T T T
2 20 -5 -0 5 0 5 10 15
Intrinsic Reaction Coordinate

Figure 3. Computed (M06-2X/cc-pVTZ/PCM=THF) backwards
intrinsic reaction coordinate (IRC) for the reaction between nitrone
NI and enolate ENb showing the relative energy (top) and the gra-
dient norm showing a prominent hidden intermediate (bottom).

A similar situation accounts in the reaction between
nitrone NI and enolate ENc. Again, the three transition
structures corresponding to the direct approach present
very high energy barriers (30.8, 27.9 and 29. 2 kcal/mol for
TS3d, TS3e and TS3f, respectively). The free energy barri-
ers for lithium-coordinated transition structures TS3a,
TS3b and TS3c are calculated to be 12.3, 10.5 and 12.1
kcal/mol, respectively. The geometrical features as well as
the energy profile are given in Figure 4.

As observed for o-methyl enolate, TS3b appeared as a
highly asynchronous transition structure with a long C-O
forming bond (2.99 A) in comparison with the C-C form-
ing bond (2.10 A). The IRC calculation confirmed the con-
certedness of the reaction revealing no intermediates be-
tween TS3b and P3b. However, contrary to a-methyl enol-
ate, transition state TS3b, corresponding to the one-step
process, showed to be the most stable (by 1.6 kcal/mol) con-
firming a change of mechanism from enolate ENb to enol-
ate ENc. In fact, the Boltzmann distribution analysis indi-
cated in this case that TS3b accounts for almost 92% of all
the transition structures while TS3a and TS3¢, correspond-
ing to stepwise processes, account for ca. 3% and 5%,
respectively. The steric contact of the N-methyl group is
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Figure 4. Energy diagram (M06-2X/cc-pVTZ/PCM=THF) and sta-
tionary points for the reaction betweeen nitrone NI and a-methoxy
enolate ENc. Relative free energy values (AG,og) are given in kcal/
mol.

more unfavorable for the methyl group (TS2b) than for the
hydrogen atom (TS3b), thus predicting a lower barrier for
the a-unsubstituted enolate ENc (Figure 4). The unfavor-

Total Energy along IRC

-719.065
719070
3 907
5 79080
L 719085

g

-719.095
-719.100
-719.105
-719.110
-719.115

Total Energy

10 5 0 5 10 15 20 25 30 35
Intrinsic Reaction Coordinate

RMS Gradient Norm along IRC
0.0035

0.0030 4
0.0025 4

hidden

0.0020 i
| intermediate

0.0015

°

g

3
i

0.0005

RMS Gradient Norm (Hartree/Bohr)

%

0 5 0 5 10 15 20 25 30 3%

Intrinsic Reaction Coordinate

Figure 5. Computed (M06-2X/cc-pVTZ/PCM=THF) intrinsic re-
action coordinate (IRC) for the reaction between nitrone NI and
enolate ENc showing the relative energy (top) and the gradient
norm showing a prominent hidden intermediate (bottom).
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able formation of IN3a and IN3b is followed by an intramo-
lecular attack through TS6a and TS6b leading to ortho-
esters P3a and P3b, respectively (Scheme 5, R = H). The
IRC calculation for the concerted process show similar fea-
tures to those observed in the case of a-methyl enolate for
TS2b. It confirms that C3 and P3a are connected by TS3b
without intermediates but a hidden intermediate is also
present (Figure 5). Thus, in the case of the a-unsusbstituted
enolate ENc, the reaction takes place preferentially along
a concerted two-stage one-step mechanism with an energy
barrier of 10.5 kcal/mol.

NCI and ELF Analyses

The topological analysis of ELF has recently demon-
strated to be of great utility in analyzing C—C bond forma-
tion in a variety of non-polar, polar and ionic organic reac-
tions.3”! The NCI analysisi*¥ has also demonstrated their
utility in the analysis of several reactionst*3% including
nucleophilic additions to C=N bonds.*¥) We have carried
out the complete ELF and NCI analyses for the IRCs cor-
responding to the most stable paths of the addition reac-
tions of enolates ENa—c to nitrone NI (For animations
showing movies of the reactions illustrating both ELF and
NCI analyses see Supporting Information). The numbering
used for the analyses is illustrated in Figure 6.

10
e
6 9
7
0\8 OMe a Z=0Me
5 “02"/“\/ - ézme
c Z=
Me\&é‘jMe OMe,

Figure 6. Numbering used for ELF and NCI analyses.

ELF basin populations of selected points on the IRC in-
cluding initial and final points, transition structures, inter-
mediates and points indicating bond formation are given in
the supporting information.

In the case of the reaction between NI and ENa leading
to TS1, the double C3=N1 bond is transformed into the
single C3-N1 bond, the double C6=C7 bond is transformed
into the single C6-C7 bond and the C3-C7 bond is created.
The ELF descriptors corresponding to this step are pre-
sented in Figure 7. The two disynaptic basins associated to
the C3=N1 and C6=C7 double bonds are merged, in TS1a
(point 58 of the IRC), each other to become one indicating
the transformation of the double bonds into single one; in
fact the electronic populations decreased slightly for both
C3-N1 and C6-C7 bonds. The decreasing of the electronic
population of C3-N1 and C6-C7 bonds continues during
C3-C7 bond formation (points 55 and 54 of the first IRC)
and simultaneously a monosynaptic basin appeared at C7.
At point 55 [d(C3,C7) = 2.04 A; d(C6,02) = 3.45 A] two
monosynaptic basins, V(C3) and V(C7), appeared at the re-
acting centers. These basins are associated to the two cen-
ters responsible for the subsequent bond formation. Indeed,
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at the next point on the IRC (point 54) they have merged
into a new disynaptic basin, V(C3,C7) confirming the C3—

C7 bond formation.
e’

o
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V(CT) o e ©
VIcd) o P Vesen )
¥ | @
° @ e @
P55 P54
2 9
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Figure 7. Most relevant ELF attractors at selected points of the
backwards IRCs of the stepwise reaction between nitrone NI and
enolate ENa.

In the second step of the reaction, at TS4a (point 28 of
the IRC) no monosynaptic basins appeared at the centers
responsible of the formation of the second bond, C6 and
02. It is at point 21 when two monosynaptic basins, V(C6)
and V(02), appeared. At P20 they have merged into a di-
synaptic one confirming the formation of the new bond.

The NCI analysis (Figure 8) for this reaction corro-
borates and complements the data observed during the
ELF analysis. The starting complex, C1, shows a typical
attractive interaction (green surface) between the m systems

Figure 8. NCI analysis of relevant points C1, IN1a, TS1a and TS4a
corresponding to the stepwise reaction between nitrone NI and
enolate ENa.
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corresponding to electron-rich enolate C=C bond and the
electron-poor nitrone C=N bond. At the intermediate IN1a
a clear non-covalent interaction is observed between C6
and O2 (blue surface) in agreement with a relatively short
distance of 2.70 A and despite the formation of the second
C6-02 bond does not have started, as mentioned above.
This observation is in agreement with that made for anionic
stepwise (3+2) cycloadditions by Schelyer and co-workers
who considered this sort of interaction as strictly electro-
static.[*!! More recently, we have also observed the same
type of interactions in the stepwise cycloaddition between
nitrone ylides and alkenes.*®® For transition structures
TS1a and TS4a the incipient formation of the new bonds
is evidenced by the typical toroidal blue surfaces (Figure 8).
At TSl1a is evident that the interaction between C6 and O2
is negligible only being appreciable at the following station-
ary point INla.

For the concerted reaction between nitrone NI and enol-
ate ENc¢ the attractor positions for points indicating bond
formation are illustrated in Figure 9. For this reaction the
ELF analysis of the attractors for C3 shows, in a similar
way to C1, two disynaptic basins associated each one to the
C3=N1 and C6=C7 double bonds of the nitrone and enol-
ate moieties, respectively. At TS3b (point 60 of the IRC) the
C6-C7 and C3-N1 bonding regions are characterized by
V1(C6,C7) and V(C3,N1) disynaptic basins, which showed
loss of electron density associated to the creation of the new
C3-C7 bond. A monosynaptic basin V(C7) is observed and
at P62 a new monosynaptic basin, V(C3), appears and the
electron density of V(C7) increases. At the following point,
P63, the two monosynaptic basins V(C3) and V(C7) have
merged into a new disynaptic basin V(C3,C7). Notably, P62
and P63 associated with the first stage of the concerted pro-
cess have similar electronic structures to P55 and P54 asso-
ciated with the stepwise addition of ENa (see above). This
indicates a similar arrangement in the formation of the first
C-C bond, independently of the appearance of a further
intermediate, whose stability (or existence) depends on elec-
tronic features that could stabilize such stationary point.
Indeed, P63 resembles geometrically IN1a and the absence
of V(C6,02) attractor confirms that formation of the sec-
ond bond has not begun. At P96 both C3,C7 distance
(1.54 A) and the presence of V(C3,C7) attractor indicate the
complete formation of the C3—-C7 bond. At the same time,
two monosynaptic basins, V(C6) and V(O2) appear. These
basins merge, at P97, into a new disynaptic basin (VC6,02)
responsible of the formation of the second bond.

The NCI analysis of the starting complex C3, the transi-
tion structure TS3b and the two points, P63 and P97, in
which the formation of the bonds has just taken place is
illustrated in Figure 10. Similarly to C1, complex C3 shows
an attractive interaction (green surface) between the m sys-
tems corresponding to electron-rich enolate C=C bond and
the electron-poor nitrone C=N bond. TS3b shows the inter-
action corresponding to the forming bond (toroidal blue
surface). TS3b and P63 are very similar in their geometrical
structure and both show a slight attractive interaction be-
tween C6 and O2 in a similar way (although weaker) to that
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Figure 9. Most relevant ELF attractors at selected points of the
IRCs of the concerted reaction between nitrone NI and enolate
ENc.

observed for IN1 in the stepwise addition of ENa. Although
an intermediate is not formed it is evident that the second
bond (C6-02) is not formed at this stage of the reaction,
being completely formed only at P97.

Figure 10. NCI analysis of relevant points C3, TS3a, P63 and P97
corresponding to the concerted reaction between nitrone NI and
enolate ENec.

The case of the reaction between nitrone NI and a-
methyl enolate ENb can be considered as an intermediate
situation which, however, opts by a stepwise mechanism
due to unfavourable steric interactions still present between
the methyl group of the a-enolate and the N-methyl group.
Both the ELF and NCI analyses are rather similar to those
discussed above for the reaction with enolate ENa by just
replacing the a-methoxy group by the a-methyl group. The
same applies for the non-preferred concerted path which is
rather similar to those found for enolate ENe¢ by just replac-
ing the o-methyl group by an hydrogen atom (For the com-
plete analyses of both concerted and stepwise pathways of
the reaction between nitrone NI and enolate ENb see sup-
porting information).

Conclusions
The addition of lithium enolates to nitrones takes place
through the initial coordination of the nitrone to the lith-
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ium atom. Then, the intramolecular attack of the enolate
moiety to the nitrone from initial complexes can take place
by two different faces of the enolate. This causes that the
o-substituent of the enolate (OMe, Me or H) can adopt
inside and outside orientations with respect to the nitrone
(Figure 11).

Me %
\\N{ Me > /
"Me
Z = OMe, Me Z=H

outside stepwise inside one-step

Figure 11. Preferred approaches and change of mechanism for
enolates derived from esters and ketones (Z = OMe, Me), and alde-
hydes (Z = H); dashed lines indicate forming bonds.

The inside position is sterically more demanding because
of unfavorable interactions with the N-methyl group of the
nitrone and thus, the outside orientation is preferred. How-
ever, this approach involves a large separation between C
and O atoms responsible of the formation of the second
C-O bond. This excessively long C-O distance, minimizing
attractive electrostatic interactions, avoids bonding between
the interacting orbitals at the TS, and when an electron-
donor substituent (OMe) is present the reaction is stepwise
because of the electronic stabilization of the intermediate
(addition of ENa). In the absence of a-substituent the inside
orientation is preferred (shortening the C-O distance) and
the reaction change its mechanism to concerted through a
highly asynchronous transition structure (addition of ENc).
The reaction with the a-methyl enolate (ENb) represents an
intermediate situation in which there is a substituent stabi-
lizing in less extent the intermediate but still causing unfa-
vorable steric interactions. Consequently, the concerted
path appeared but is not the preferred one and the stepwise
pathway shows a higher barrier (8.3 kcal/mol) than in the
case of a-methoxy enolate (6.4 kcal/mol).

The one-step processes are so asynchronous that they are
more in agreement with a reaction which takes place in one
single kinetic step but in two stages. This concept has been
introduced by Domingo and co-workers*?l and it is evi-
denced from the ELF analyses of the corresponding IRC
calculations. From these analyses of the changes of bonding
along the reaction coordinate we can conclude that, in the
one-step processes, the formation of the second C-O bond
only begins when the first C-C bond is completely formed.
Consequently, these concerted highly asynchronous reac-
tions do not follow a typical cyclic electron-reorganization
as supported by the presence of hidden intermediates in the
corresponding IRCs. As predicted by Rzepa and co-
workers,[34! stereoelectronic influence on the geometry in-
duces the system to form a real intermediate.

In summary, while the reaction with o-unsusbtituted
enolate ENc takes place along a one-step two-stage mecha-
nism, the presence of a substituent at the a-position in enol-
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ate (ENa and ENb) able to both lengthen the C-O dis-
tance — avoiding orbital interactions- and stabilize the cor-
responding intermediate, switches the mechanism to a step-
wise process.
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5.- Conclusiones

A lo largo de las sucesivas investigaciones descritas en esta Memoria se ha podido
comprobar que las nitronas son especies camaleonicas cuya reactividad va mucho mas
allad de las simples adiciones nucleofilas o 1,3-dipolares: Las nitronas son capaces de
dimerizar saltindose las aparentes restricciones orbitdlicas mediante un proceso
bispseudopericiclico que no implica radicales ni zwitteriones. Justo lo contrario ocurre
en el proceso de isomerizacion térmica £/Z, donde un acoplamiento dirradicalico es lo
necesario para romper el doble enlace C=N y permitir el giro que transforma una
especie E en Z (y viceversa). Incluso cuando la reaccion se puede considerar una clasica
cicloadicion 1,3-dipolar, al menos a la vista de reactivos y productos, como la que
ocurre con inolatos y enolatos de litio, queda atin espacio para la discusidon sobre la
existencia o no de intermedios de reaccion, estando los mecanismos concertado y por
pasos separados, en ocasiones, por una linea demasiado fina como para hacer
afirmaciones categoricas al respecto.

En concreto:

- Se ha demostrado que la dimerizacion de nitronas transcurre a través de una
reaccion bispseudopericiclica con la participacion de uno de los pares de
electrones no compartidos sobre cada dtomo de oxigeno. Por tanto, no supone
ninguna violacién de las reglas de Woodward y Hoffmann.

- La formacion de intermedios dirradicélicos o zwitteridnicos en la reaccion de
dimerizacién de nitronas no estd favorecida, a pesar de la polaridad del grupo
funcional nitrona y de su facilidad para la formacion de radicales.

- La isomerizacion de nitronas tiene lugar a través de un proceso bimolecular que
implica un acoplamiento C-C y un intermedio dirradicédlico. Seria interesante
definir algun experimento que permitiera comprobar experimentalmente el
mecanismo propuesto.

- Los mecanismos unimoleculares de isomerizacion de nitronas presentan barreras
energéticas demasiado altas en relacion con las condiciones experimentales de la
reaccion.

- La secuencia ciclodimerizacioén concertada — cambio conformacional — disociacion
puede justificar el proceso de dimerizacion de nitronas; sin embargo, las barreras
energéticas calculadas son madas altas que las encontradas para el mecanismo
dirradicélico citado anteriormente.
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La reaccion de inolatos de litio con nitronas es un proceso de cicloadicion
concertado en el caso que se ha estudiado. A pesar de ello, la formaciéon de los
enlaces tiene lugar de forma secuencial en etapas perfectamente definidas,
permitiendo la identificacion de un intermedio escondido.

Considerando los resultados de los calculos realizados para la cicloadicion de
inolatos de litio con nitronas, no se puede descartar que cambios en la naturaleza
de los reactivos, cation metalico, sustituyentes sobre el grupo nitrona o inolato, den
lugar a reacciones por pasos en las que aparezca un intermedio suficientemente
estabilizado. Esto se han conseguido in silico variando la esfera de coordinacion
del cation litio.

La reaccion de cicloadicion de enolatos de litio con nitronas puede tener lugar a
través de mecanismos concertados o por pasos en funcion de las caracteristicas
estéricas y electronicas de los sustituyentes presentes en los reactivos.

Se ha comprobado que el efecto estérico del sustituyente en posicion a del enolato
es el determinante del mecanismo mas favorable al comparar enolatos derivados
de acetato de metilo, acetona y acetaldehido. Los célculos predicen perfectamente
el orden de reactividad observado mostrando los aldehidos (de los que no se
conocen este tipo de reacciones) como los menos reactivos.
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