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ÍNDICE DE FIGURAS vii
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7.20. Gráficos NCI 3D para las estructuras del estado de transición (TS),

correspondiente a las reacciones R2-NH y R2-OH. . . . . . . . . . . 66

x
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kcal/mol, mientras que la electrofilia local en eV. . . . . . . . . . . . 77

xi
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tilo). (b) Gráfico de la distancia de enlace C*-O del complejo reactante
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ÍNDICE DE TABLAS xvi
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CIR: Coordenada Intŕınseca de Reacción, del inglés IRC, Intrinsic Reaction

Coordinate.

DLPNO-CCSD(T): del inglés,Domain-based Local Pair-Natural Orbital- Coupled

Cluster Singles Doubles perturbatives triples.

EDA: análisis de descomposición de enerǵıa, del inglés EDA, Energy Descom-
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SPE: Superficie de Potencial Electrostático, del inglés EPS, Electrostatic Po-

tential Surface.

SCRF: del inglés, Self-Consistent Reaction Field.

SMD: modelo de solvatación basado en la densidad, del inglés, Solvation Model

based on Density.
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Resumen

Debido a los desaf́ıos que presenta la construcción de enlaces C-X (X: heteroátomo),

especialmente en la śıntesis de productos de interés industrial, se han propuesto es-

trategias a esta problemática como la reacción de inserción de carbenoides metálicos

en enlaces X-H. En el presente trabajo de tesis, se estudió a nivel teórico, el meca-

nismo de reacción de inserción del carbenoide de cobre en enlaces X-H (X: N, O),

ya que esta reacción proporciona procesos directos y eficientes hacia la formación de

enlaces carbono-X y, además, corresponde a un método atractivo, ya que la activa-

ción X-H inducida por el metal no interactúa directamente con éste, sino más bien,

con el carbono electrof́ılico del carbenoide. Los resultados indicaron que la reacción

ocurre mediante el acercamiento posterior del sustrato (anilina/fenol) siguiendo un

mecanismo concertado, el cual presenta tres pasos importantes: (i) proceso sin ba-

rrera de enerǵıa llevando a un complejo reactante inicial, (ii) transferencia protónica

del sustrato al carbenoide, que genera la salida del complejo de cobre (paso elemen-

tal) y (iii) ruptura de interacciones no covalentes entre el producto de inserción y el

complejo de cobre. La inserción en el enlace O-H es favorecida tanto desde el punto

de vista cinético como termodinámico con respecto al enlace N-H, donde la enantio-

selectividad de la inserción está dada por el ligando PhBOX mediante repulsiones

estéricas, favoreciendo la formación del enantiómero R como producto de inserción.

Para el paso elemental de la reacción, se utilizaron los modelos de fuerza de reacción

(F(⇠)) y de activación y distorsión (ASM), encontrándose que la enerǵıa de activa-
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RESUMEN

ción para ambas reacciones es dominada por repulsiones estéricas entre el ligando y

el sustrato utilizado. La fuerza de reacción indica que una gran contribución de la

barrera energética en N-H es producto de la mayor contribución de W2, que impide el

proceso de inserción. Adicionalmente, un estudio del efecto del sustituyente fue hecho

para la reacción en el enlace O-H, modificando la estructura del carbenoide y del sus-

trato fenólico, de modo que, se favorece la cinética cuando se utilizan sustituyentes

atractores de electrones en la posición orto o para al OH del fenol.
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Caṕıtulo 1

Introducción

La formación de enlaces C-X (X: N, O) corresponden a una transformación qúımi-

ca importante dentro del área de śıntesis orgánica, debido a que enlaces C-X son

encontrados en la gran mayoŕıa de los compuestos orgánicos y además, constituyen

bloques fundamentales dentro del área de la qúımica orgánica [1, 2]. Por lo que, el

conocimiento sobre la construcción de enlaces C-X se hace fundamental, debido a la

reactividad que estos enlaces pueden presentar.

Existen varias reacciones qúımicas que llevan a la formación de enlaces C-X [3–8];

sin embargo, muchas de ellas presentan un corto rango de selectividad o son reaccio-

nes que no proceden con el uso de grupos funcionales [9]. La gran mayoŕıa de estas

reacciones se llevan a cabo mediante mecanismos comunes, tales como: adición oxi-

dativa/eliminación reductiva, metátesis de enlace � o activación electrof́ılica; los que

se caracterizan por la participación directa de un catalizador metálico en la reacción,

donde la activación del enlace X-H se introduce directamente en la esfera de coor-

dinación interna del metal, para posteriormente llevar a la formación de los enlaces

C-X y C-H [9, 10].
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La ruta más eficiente para llevar a cabo la formación de enlaces C-X sin experimentar

reacciones secundarias o bajos rendimientos, corresponde al uso de catalizadores de

metales de transición, utilizando diazocompuestos como ligandos [11–13], lo que re-

sulta en la formación de una especie intermediaria denominada carbenoide, capaz de

llevar a cabo un amplio rango de reacciones [2, 10]. Estos intermediarios formados a

partir de la coordinación de un complejo metálico con un carbono divalente, son espe-

cies muy reactivas debido a su carácter dual, electrof́ılico y nucleof́ılico, que permite

su participación en una amplia gama de transformaciones qúımicas [2], sirviendo de

este modo, para ser aplicados en una amplia serie de reacciones no convencionales, y

siendo ideales para iniciar reacciones en cascada llevando a la rápida generación de

productos de alta complejidad estructural [14, 15].

Durante los últimos años, las reacciones de inserción de carbenoides en enlaces X-H

han sido ampliamente estudiadas [16–20], ya que son identificadas como un método

atractivo, donde el carbenoide es capaz de activar e insertarse en el enlace X-H, sin

participación directa del metal, sino más bien, de la interacción con el carbono car-

benoide (C*) (ver Figura 1.1) [21].

Estudios experimentales y computacionales previos [13, 21–25] han propuesto un me-

canismo general para la inserción del carbenoide en el enlace X-H (ver Figura 1.2), el

que incluye la formación de un carbenoide intermediario (c) mediante la descomposi-

ción de un diazocompuesto (b) y un catalizador metálico activo (a), para posterior-

mente llevar a cabo la inserción del carbenoide deficiente en electrones en el enlace

X-H (d) y de esta manera, formar dos nuevos enlaces C⇤-X y C⇤-H (e). Sin embargo,
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Figura 1.1: Estructura del complejo carbenoide de cobre, representando el carbono
carbenoide (C*) mediante una esfera de color celeste.

en la actualidad aún sigue en debate, si el último paso de este mecanismo (Figura

1.2 en negrita) se lleva a cabo mediante un mecanismo concertado o en etapas. Es

importante destacar este paso, ya que se propone en esta tesis caracterizar el meca-

nismo correspondiente al intermediario carbenoide ya formado, hasta la recuperación

del catalizador metálico activo.

Figura 1.2: Mecanismo general propuesto para la inserción del carbenoide de cobre
en el enlace X-H. Adaptado de la referencia 13.

En particular, en esta tesis nos centraremos en la inserción del carbenoide de na-

turaleza electrof́ılica en el enlace heteroátomo-hidrógeno (X-H). Es conocido que la

reactividad electrof́ılica de los carbenoides es altamente dependiente de su estructura
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[19, 21, 26], debido a los grupos sustituyentes al carbono del carbenoide (C⇤) y a la

naturaleza del complejo metálico activo cataĺıticamente (ver Figura 1.3). Es por esto,

que la caracterización de factores electrónicos y orbitalarios/estéricos corresponden a

un objetivo importante en este trabajo de tesis.

Figura 1.3: Estructura del carbenoide de cobre estudiado en este trabajo de tesis,
representando la contribución electrónica por parte de los grupos donor/aceptor, y la
contribución electrónica por parte del complejo metálico.

Dentro de este contexto, se estudiarán reacciones de inserción intermoleculares asimétri-

cas (ver Figura 1.4), catalizadas mediante el complejo de cobre(I) tetracoordinado

con un ligando bidentado de bis(oxazolina) ((S,S)-2,2-Bis(4-fenil-2-oxazolin-2-il) pro-

pano) y dos ligandos cloruro para completar la esfera de coordinación. En este caso,

se utilizó la bis(oxazolina) (PhBOX) debido a que es conocido que induce la enan-

tioselectividad y mejora el rendimiento de la reacción, llevando a procesos altamente

eficientes [27, 28]. Como diazocompuesto, se utilizó ↵-diazoester construido mediante

una combinación de sustituyentes tanto donor como aceptor de electrones (donor:

CH3 y aceptor: C3H5O2). La elección de estos sustituyentes se sustenta en estudios

experimentales [2, 19, 29] los cuales indican que la combinación donor/atractor con-
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ducen a resultados altamente favorables en rendimiento y selectividad [30, 31].

Figura 1.4: Reacción de inserción del carbenoide de cobre en enlaces N-H y O-H.
La notación de * se utiliza para señalar al carbono carbenoide (C*).

Trabajos experimentales previos [32, 33] han señalado que la inserción del carbenoide

de cobre con el ligando PhBOX en enlaces O-H llevan a resultados favorables, con

alta enatioselectividad y rendimiento qúımico; sin embargo, estudios modificando el

heteroátomo del enlace (X-H) y manteniendo la estructura del carbenoide, aún no

han sido realizados. Por esta razón, este trabajo de tesis se centra principalmente en

un estudio computacional del mecanismo de reacción de inserción enantioselectiva,

mediante la Teoŕıa de Funcionales de la Densidad (TFD). Presentando un estudio en

detalle del mecanismo de reacción, a partir de un análisis energético, electrónico y de

interacciones no covalentes. Proponemos dos mecanismos que pueden tomar lugar en

la reacción: un mecanismo concertado (R1-XH) y uno en etapas (R2-XH) mostrados

en la Figura 1.5. Ambos mecanismos serán analizados en detalle en el Caṕıtulo 7.

Además, a partir de la fuerza de reacción (F(⇠)) y el modelo de activación y distorsión

5



INTRODUCCIÓN

Figura 1.5: Mecanismos propuestos (R1-XH y R2-XH) para la reacción de inserción
del carbenoide de Cu en los enlaces X-H (X:N,O). Utilizando como sustituyentes al
carbenoide R1: CH3 y R2: C3H5O2.

(ASM) se caracterizará la naturaleza de la barrera de enerǵıa del paso determinante

de cada mecanismo. En esta tesis se propone, estudiar el efecto que tiene el grupo

funcional en la activación de enlaces O-H y N-H, y la eficiencia del carbenoide de

cobre tanto desde un punto de vista energético como electrónico. Para ello, se utilizó

como sustratos la anilina (C6H5NH2) y el fenol (C6H5OH) para estudiar la reac-

ción de inserción del carbenoide de cobre en los enlaces N-H y O-H, respectivamente.

Es importante señalar que estas reacciones se estudiarán tanto en fase gas como

en solvente diclorometano (CH2Cl2), este último es elegido debido a que resultados

experimentales [2, 26] demuestran que el uso del solvente CH2Cl2 en reacciones de
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inserción aumenta la velocidad y mejora el rendimiento de la reacción. Adicionalmen-

te, estudios experimentales [2, 13, 19, 29] demuestran que los grupos sustituyentes

juegan un rol clave tanto en la estabilidad, como en la naturaleza electrónica de las

especies involucradas en la reacción de inserción, por lo que en esta tesis proponemos

un estudio energético del efecto del sustituyente tanto el carbenoide como en el sus-

trato fenólico, con la finalidad de mejorar el proceso de inserción del carbenoide de

cobre en el enlace O-H.
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Caṕıtulo 2

Base Teórica

2.1. Superficie de Enerǵıa Potencial y Perfil de

Enerǵıa

Para realizar un estudio cinético y termodinámico de una reacción qúımica, es nece-

sario caracterizar reactantes (R), estados de transición (ET) y productos (P), explo-

rando una superficie de enerǵıa potencial.

La superficie de enerǵıa potencial (SEP) (ver Figura 2.1) describe la manera como

la enerǵıa de un sistema molecular cambia según las variaciones en la distribución

espacial de los átomos. Se construye considerando los 3M-6 grados de libertad pa-

ra moléculas no lineales y 3M-5 para aquellas lineales, donde M es el número de

átomos. Su obtención es posible gracias a la aplicación de la aproximación de Born-

Oppenheimer [34], que permite desacoplar el movimiento nuclear del electrónico. De-

bido a su complejidad y al elevado costo computacional que demanda su obtención, el

estudio de una reacción qúımica puede ser reducido al análisis del camino de mı́nima

enerǵıa que conecta a reactantes y productos pasando por un estado de transición.
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Tanto reactantes y productos son mı́nimos en la superficie, mientras que el estado de

transición se identifica como un punto de silla o un máximo local energéticamente

inestable en la dirección en que la reacción transcurre [35].

Figura 2.1: Esquema de superficie de enerǵıa potencial (SEP).

Este camino de mı́nima enerǵıa puede ser calculado a través del método de la coorde-

nada intŕınseca de reacción (CIR) [36, 37] condensando los cambios multidimensiona-

les en el parámetro de coordenada de reacción (⇠). De esta forma, la enerǵıa potencial

pasa a ser una función sólo dependiente de la CIR. El perfil de enerǵıa (E(⇠)) puede

ser determinado y con esto la enerǵıa de reacción �E� y la enerǵıa de activación

(�E
6=) (ver Figura 2.2).
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Figura 2.2: Perfil energético para paso elemental a lo largo de la coordenada intŕınse-
ca de reacción (⇠).

2.2. Fuerza de Reacción, F (⇠)

El análisis del perfil de enerǵıa entrega información termodinámica y cinética de

la reacción; sin embargo, no proporciona información sobre el mecanismo de reac-

ción propiamente dicho. El concepto de mecanismo de reacción está estrechamente

relacionado con los desplazamientos nucleares que ocurren al avanzar desde reactan-

tes a productos. Estos desplazamientos están relacionados con las fuerzas netas que

actúan sobre el sistema a medida que la reacción avanza, que definen el mecanismo de

la reacción en cada punto a lo largo de la coordenada de reacción. En este contexto,

la fuerza de reacción, que se define como el negativo de la derivada de la enerǵıa

potencial respecto a la coordenada de reacción (⇠) [38–41], está intŕınsecamente li-

gada a los desplazamientos atómicos espećıficos que van configurando el proceso de

transformación qúımica:
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F (⇠) = �@E(⇠)

@⇠
(2.1)

La fuerza de reacción entrega una partición racional del perfil de enerǵıa, que per-

mite identificar la activación y desactivación de propiedades locales y globales a lo

largo de la coordenada de reacción. F(⇠) presenta dos puntos cŕıticos ⇠min y ⇠max;

estos puntos definen tres regiones reactivas [42–44] (ver Figura 2.3). La región de

reactantes que se define en el intervalo ⇠R 6 ⇠ 6 ⇠min, la región de transición en el

intervalo ⇠min < ⇠ < ⇠max y, por último, la región de productos que está definida para

⇠max 6 ⇠ 6 ⇠P .

Figura 2.3: Esquema de fuerza de reacción para un paso elemental a lo largo de la
coordenada intŕınseca de reacción (⇠).

A partir de trabajos anteriores se ha mostrado que en la región reactantes y pro-

ductos se producen mayormente reordenamientos de tipo estructural; tales como la

11



BASE TEÓRICA

variación de ángulos y distancias de enlaces; en cambio, la región de transición se

caracteriza por una intensa actividad electrónica debido a la ruptura y formación de

enlaces [45–48]. En la Figura 2.3 se puede observar un perfil de fuerza para un paso

elemental, donde se muestran las regiones de reacción anteriormente mencionadas.

Al integrar la fuerza en cada región, es posible cuantificar las contribuciones a la

barrera energética para las reacciones tanto directa como reversa del proceso y, por

lo tanto obtener los trabajos de reacción que miden la enerǵıa que se obtiene o libera

en cualquier etapa de la reacción.

�E
6= = [E(⇠ET )� E(⇠R)] = W1 +W2 (2.2)

Por lo tanto;

�E
� = [E(⇠P )� E(⇠R)] = W1 +W2 +W3 +W4 (2.3)

donde:

W1 = �
Z ⇠min

⇠R

F (⇠) d⇠ > 0 W2 = �
Z ⇠ET

⇠min

F (⇠) d⇠ > 0 (2.4)

W3 = �
Z ⇠max

⇠ET

F (⇠) d⇠ < 0 W4 = �
Z ⇠P

⇠max

F (⇠) d⇠ < 0 (2.5)

De esta forma, el análisis de la fuerza de reacción produce una partición racional de
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las enerǵıas de activación y reacción, �E 6= y �E
� [39] en términos de contribuciones

estructurales y electrónicas.

Más allá del análisis energético, la división uńıvoca de la coordenada CIR permite

superponer las zonas reactivas con los perfiles de diversas propiedades del sistema,

tanto electrónicas como estructurales, creando una interesante metodoloǵıa para ana-

lizar los factores responsables de la activación o inhibición del mecanismo estudiado,

y cuantificar la enerǵıa involucrada en procesos espećıficos que ocurren en el curso de

la reacción.

2.3. Modelo de Activación y Distorsión, ASM

El modelo de activación y distorsión, ASM (Activation Strain Model), es un modelo

de reactividad basado en la fragmentación de la densidad electrónica, el que, fue

desarrollado por Bickelhaupt y colaboradores [49–52] con el objetivo de explicar la

naturaleza f́ısica de las enerǵıas de activación y las diferencias energéticas que se

observan en determinadas reacciones qúımicas. A partir del ASM, la enerǵıa total de

un sistema queda expresada en función de dos contribuciones, enerǵıa de distorsión

(�Edist) y enerǵıa de interacción (�Eint), según:

�E(⇠) = �Edist(⇠) +�Eint(⇠) (2.6)

El primer término �Edist corresponde al costo energético asociado a la distorsión

geométrica de los reactantes por separado a medida que la reacción toma lugar, es

decir, a lo largo de la coordenada de reacción. El segundo, �Eint cuantifica la enerǵıa

13



BASE TEÓRICA

de interacción entre las especies distorsionadas en cada punto de la coordenada de

reacción.

Politzer y colaboradores [53] mostraron que ambos modelos, F(⇠) y ASM, permiten

identificar y cuantificar las fuerzas retardantes y conductoras que gobiernan las reac-

ciones qúımicas, siendo útiles para describir en detalle el mecanismo de reacciones

qúımicas.

2.4. Método de Análisis de Descomposición de

Enerǵıa, EDA

El método de análisis de descomposición de enerǵıa (EDA del inglés, Energy Decom-

position Analysis) desarrollado independientemente por Morokuma [54] y por Ziegler

y Raunk [55], es una poderosa herramienta que introduce elementos básicos de inter-

pretación para la enerǵıa de interacción entre dos sistemas moleculares.

La enerǵıa de interacción (�Eint) entre los sistemas A y B se define como la diferencia

de enerǵıa entre la enerǵıa de la supermolécula (AB) y la enerǵıa de los monómeros

A y B aislados:

�Eint = EAB � (EA + EB) (2.7)

�Eint se puede descomponer en tres componentes f́ısicamente significativos, los cuales

representan diferentes pasos hacia la formación de un complejo a partir de sus dos
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fragmentos.

�Eint = �Velts +�EPauli +�Eorb (2.8)

El primer término, �Velts, es mayormente de carácter atractivo y corresponde a la

interacción electrostática clásica entre los fragmentos superpuestos con su distribu-

ción de carga congelada en la geometŕıa del complejo (⇢A y ⇢B). El segundo término,

�VPauli, representa la enerǵıa de repulsión de Pauli que comprende la interacción

desestabilizadora entre orbitales ocupados y, la repulsión estérica que resulta del

principio de exclusión de Pauli. El tercer término, �Eorb, es siempre atractiva y co-

rresponde a la enerǵıa de interacción orbitalaria, la cual explica la transferencia de

carga, la polarización entre fragmentos y el enlace de par electrónico.

Finalmente, se debe agregar el término emṕırico �Edisp para tener en cuenta los

efectos de dispersión de largo alcance [56, 57]. De esta manera, la suma de todas las

contribuciones a la enerǵıa de interacción entre los fragmentos A y B queda descrita

como:

�Eint = �Velts +�EPauli +�Eorb +�Edisp (2.9)

Es importante notar que el EDA introduce componentes f́ısicos de la enerǵıa de in-

teracción, siendo una herramienta interpretativa; mientras que el análisis de la fuerza

de reacción no introduce elementos de interpretación f́ısica, más bien particiona la

coordenada de reacción en regiones donde se localizan efectos espećıficos, estructura-

les y electrónicos.
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2.5. Función de localización electrónica, ELF

La función de localización electrónica (ELF) fue desarrollada por Becke y Edgecombe

[58], y posteriormente utilizada para el estudio de moléculas por Silvi y Savin [59]. Se

basa en la búsqueda de electrones localizados dentro de un sistema molecular a partir

del estudio de la densidad de enerǵıa cinética. Savin demostró que la probabilidad

de encontrar electrones localizados teńıa relación con la diferencia entre la densidad

de enerǵıa cinética del sistema de part́ıculas no interactuantes de Kohn-Sham y la

definida por von Weizsacker [60] (que es exacta para un sistema de bosones).

D =
1

2

X

i

(5�i)
2 � 1

8

| 5⇢(r) |
⇢(r)

(2.10)

De esta forma, regiones con valores de D cercanos a cero indican una alta probabili-

dad de encontrar electrones localizados (en ese caso la expresión de von Weizsacker

es una buena aproximación para la enerǵıa cinética del sistema en ese punto). Se

propuso utilizar la densidad de enerǵıa cinética del modelo de Thomas-Fermi del gas

de electrones homogéneo (D0) como referencia, definiendo aśı el parámetro � =
D

D0
, y

además, debido a que la función D vaŕıa de cero a infinito, la ELF se quedó expresada

como:

ELF =
1

1 + �2
(2.11)

Donde 0  ELF  1. La ELF mide el exceso de enerǵıa cinética del sistema debido al
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principio de exclusión de Pauli que obedecen los electrones, interpretándose el con-

cepto de localización electrónica como una manifestación de este principio. El análisis

topológico de la ELF permite identificar y caracterizar regiones de alta localización

electrónica, las cuales, son consistentes con la visión de Lewis de la estructura mo-

lecular (permite identificar pares de electrones libres, pares de electrones enlazantes,

etc).

2.6. Índice de Interacciones No Covalentes, NCI

El ı́ndice de interacciones no covalentes (NCI) desarrollado por Yang y Contreras-

Garćıa [61–64] es un ı́ndice de visualización de interacciones no covalentes basado en

la densidad electrónica (⇢) y el gradiente reducido de la densidad (RDG, s), el cual

corresponde a la primera derivada de la densidad electrónica y se encuentra definido

como [65]:

s =
1

2(3⇡2)1/3
| r⇢ |
⇢4/3

(2.12)

La localización de regiones de baja densidad y bajo gradiente permite la identificación

de interacciones débiles en un sistema molecular; de esta manera, las regiones de baja

densidad están relacionadas con las interacciones más débiles, como van der Waals,

mientras que aquellas con densidades más altas están relacionadas con interacciones

más fuertes (estabilizadoras o desestabilizadoras) [66]. Sin embargo, pueden aparecer

diferentes tipos de interacciones fuertes en la misma región de densidad y gradiente

reducido, tales como los puentes de hidrógeno y apilamientos estéricos, los cuales no
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pueden ser distinguidos sólo a partir de la densidad y el gradiente reducido. Por lo

que, para distinguir entre estos tipos de interacción, es necesario considerar las se-

gundas derivadas de la densidad.

El signo del laplaciano de la densidad,r2
⇢, es una herramienta ampliamente utilizada

para distinguir entre diferentes tipos de interacciones fuertes [67]. Para comprender

la vinculación con más detalle, el laplaciano a menudo se descompone en una suma

de contribuciones a lo largo de los tres ejes principales de variación máxima. Estos

componentes son los tres valores propios �i de la matriz hessiana de la densidad

electrónica (segunda derivada), de modo que r2
⇢ = �1 + �2 + �3 (�1  �2  �3).

El análisis de estos componentes es ampliamente utilizada para explicar el enlace

qúımico [68].

En los núcleos (o atractores no nucleares), la densidad alcanza un máximo local, y los

tres valores propios son negativos. De esta manera, las regiones interatómicas entre

átomos unidos (puntos silla) son caracterizados por la presencia de un valor propio

positivo y dos negativos (�1 < 0, �2 < 0, �3 >0 ). En el caso de interacciones covalen-

tes, las contribuciones negativas son dominantes y el laplaciano resultante es negativo.

Mientras que para interacciones más débiles y no covalentes, el laplaciano en la región

interatómica está dominado por la contribución positiva [67], independientemente si

son estabilizadoras o desestabilizadoras. Las interacciones fuertes estabilizadoras, co-

mo los puentes de hidrógeno, pueden identificarse por el signo negativo de �2. Por el

contrario, las interacciones fuertes desestabilizadoras, como las repulsiones estéricas,

son representadas por el signo positivo de �2 en la región interatómica (donde �3 >

0 y �1 puede ser positivo o negativo).
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La principal importancia de este ı́ndice es la comprensión de la estabilidad o inestabi-

lidad de los sistemas qúımicos, basado en el contrapeso que existe entre las interaccio-

nes de naturaleza atractiva (estabilizadora) y repulsiva (desestabilizadora). De esta

forma, el NCI puede ser obtenido como una función de la densidad electrónica (⇢)

orientada por el signo de �2. Donde para valores de ⇢ > 0.01 a.u. y �2 < 0 se considera

como fuertes interacciones de tipo estabilizadoras, mientras que valores de ⇢ > 0.01

a.u. y �2 > 0 se identifican como fuertes interacciones de tipo desestabilizadoras y,

finalmente para valores bajos de densidad se le asignan a interacciones débiles van der

Waals. Estas interacciones débiles son definidas para valores de ⇢ > 0.01 a.u. y �2 ⇠ 0.

En esta metodoloǵıa es posible obtener gráficos 2D y 3D, donde los tipos de interac-

ciones son coloreados (ver Figura 2.4). De esta manera fuertes interacciones repulsivas

son representadas en color rojo, fuertes interacciones atractivas en color azul, e inter-

acciones débiles van der Waals son graficadas en color verde.
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Figura 2.4: Representación genérica del tipo de interacción no covalente según el
signo de �2. Adaptada de la referencia 64.

2.7. Electrofilia global, !

La electrofilia global [69–71], corresponde a un ı́ndice global que entrega una medida

de la estabilización energética de un sistema qúımico cuando se satura de electrones

que provienen del medio externo. La electrofilia se expresa como:

! =
µ
2

2⌘
(2.13)

Donde µ y ⌘ corresponden al potencial qúımico electrónico y dureza qúımica, respec-

tivamente. El ı́ndice de electrofilia indica simultáneamente tanto la tendencia del

electrófilo para adquirir una densidad electrónica adicional impulsado por µ
2 (el

cuadrado de la electronegatividad), como la resistencia del sistema al intercambio
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electrónico con el medio externo, descrito por ⌘.

El concepto electrof́ılia global ha sido recientemente generalizado para definir una

electrofilia local (!k) condensada en el átomo k en la molécula. Este ı́ndice ofrece

información local de un sitio atómico en particular para una molécula que puede ser

propenso a ataques nucleof́ılicos. Este ı́ndice es definido como: [70, 72]

!k =
µ
2
S

2
f+k = !f+k (2.14)

Donde se utiliza la relación exacta s
+
k = f

+
k S, relacionando la blandura local s+k con

la función de Fukui electrof́ılica f
+
k y la blandura global S (S = 1

⌘ ). La Ecuación 2.14

implica tanto que el sitio más electrof́ılico en la molécula coincidirá con el sitio más

blando, como también conlleva que el sitio más electrof́ılico será el que presenta el

mayor valor de la función de Fukui, es decir, el sitio activo de la molécula.

2.8. Análisis Poblacional, NBO

Para el análisis poblacional se analizarán los órdenes de enlace de Wiberg [73] a lo

largo de la coordenada de reacción por medio de un estudio de orbitales naturales de

enlace (NBO, Natural Bond Orbital).

En la década de 1980, Weinhold [74] retoma el trabajo de Löwdin, sobre orbitales

naturales, creando una técnica de análisis poblacional para el estudio de hibridación y

covalencia desde una función de onda polielectrónica. Se trata de una rutina compu-

tacional (presente en muchos paquetes computacionales), diseñada para recuperar la
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estructura orbital responsable de los patrones de enlace y distribución electrónica

del sistema, reencontrando los principios de enlace molecular introducidos por los

cient́ıficos Lewis y Pauling.

Löwdin [75] introduce los orbitales naturales NO (�) (Natural Orbital), como orbi-

tales propios del operador de densidad de primer orden �̂, para una función de onda

polielectrónica  , con p� el número de ocupación:

�̂(1|10) = N

Z
 (1, 2, .., N) ⇤(10, 2, .., N)d⌧2 ..d⌧N (2.15)

�̂�i = p��i(i = 1, 2..) (2.16)

El procedimiento variacional de análisis NBO [76], se inicia al generar un conjunto

de orbitales naturales atómicos (NAO, Natural Atomic Orbital) que a diferencia de

los NO (ortonormales moleculares y deslocalizados), son orbitales ortonormales cen-

trados en los átomos.

Cada orbital NBO [77], está compuesto de orbitales atómicos h́ıbridos hA, normaliza-

dos, generados a partir de combinaciones lineales de NAOs centrados en los átomos:

hA =
X

i

ci�
A
i (2.17)

Una vez obtenidos los orbitales h́ıbridos hA, los orbitales naturales de enlace NBO
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son construidos como combinación lineal de los orbitales h́ıbridos centrados en los

átomos involucrados en un enlace (A y B), tal como se muestra en la ecuación 2.18.

�AB = cAhA + cBhB (2.18)

El valor de los coeficientes de polarización (cA y cB) otorgará una medida del carácter

del enlace, siendo covalente para cA ⇡ cB y iónico para cA << cB, bajo la condición:

c
2
A + c

2
B = 1.

El orden de enlace de Wiberg es definido en términos del cuadrado de los elementos

no diagonales de la matriz de densidad obtenida con una base de orbitales ortonor-

malizados, espećıficamente los orbitales naturales atómicos (NAOs), según:

IAB =
X

a2A

X

b2B

P
2
ab (2.19)

Donde P 2
ab corresponde al cuadrado del elemento no diagonal de la matriz de densidad

asociado al orbital a y b, centrados en los átomos A y B, respectivamente. El orden

de enlace de Wiberg asegura valores positivos de éste y además se caracteriza por

aproximarse al orden de enlace clásico proveniente de la teoŕıa de enlace de pares de

electrones de Lewis.

Cabe destacar que el orden de enlace se relaciona directamente con el número de

enlaces existentes entre dos átomos, y también con la longitud del enlace y la enerǵıa

del mismo. Por lo general, a mayor orden de enlace, mayor es la enerǵıa y la fuerza
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de dicho enlace y menor su longitud. Estos factores también están asociados a su

estabilidad.

Es importante notar que para sistemas qúımicos con átomos pesados y estructuras

moleculares complejas, el análisis NBO presenta valores que pueden estar lejos del

real [78]; no obstante, para elementos de las primeras filas que poseen estados de va-

lencia bien definidos, es probablemente una de las herramientas más completas para

realizar un análisis poblacional.

Con el uso de estas herramientas teóricas y computacionales, se espera avanzar en

el entendimiento y caracterización del mecanismo de reacción en estudio, el que será

desarrollado en los Caṕıtulos 6, 7 y 8. En los siguientes caṕıtulos se presentarán

Hipótesis, Objetivos y Detalles Computacionales.
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Hipótesis

El uso complementario de la fuerza de reacción y el modelo de activación y distorsión

permitirá caracterizar el mecanismo de reacción detallado del proceso de inserción

del carbenoide de cobre en enlaces N-H y O-H.

La naturaleza electrof́ılica/nucleof́ılica del sistema carbenoide es un criterio funda-

mental para entender su reactividad sobre el enlace X-H. En este sentido, el análisis

de interacción donor aceptor proveniente de los orbitales naturales de enlace (NBO),

basado en el análisis de la densidad electrónica, nos ayudarán a identificar y enten-

der la naturaleza electrónica del carbenoide y las interacciones orbitalarias presentes

entre el carbenoide y el sustrato (anilina/fenol).
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Objetivos

4.1. Objetivos Generales

Se propone un estudio computacional en la reacción de inserción del carbenoide en

los enlaces N-H y O-H, determinando propiedades estructurales y electrónicas con

la finalidad de caracterizar el mecanismo de reacción. Además, se describirán estos

sistemas desde la perspectiva de la reactividad y selectividad qúımica, basadas en la

estructura electrónica de cada sistema. Con esta información, en una segunda etapa

se explorará el mecanismo de la reacción de inserción bajo el efecto del sustituyente,

principalmente con el enfoque en las barreras de enerǵıa. En particular proponemos:

1. Caracterizar la reactividad del sistema carbenoide mediante el uso de ı́ndices de

reactividad globales y locales.

2. Avanzar en el entendimiento de reacciones de inserción del carbenoide de cobre en

enlaces X-H (X= N, O), identificando aquellos factores estructurales y electrónicos

que conducen los procesos de inserción.
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4.2. Objetivos Espećıficos

1. Validar metodoloǵıas computacionales, para describir las enerǵıas de reacción y

los estados de transición sobre la superficie de enerǵıa potencial.

2. Analizar la reactividad intŕınseca de los reactantes.

3. Obtener el mecanismo de reacción en reacciones de inserción del carbenoide de

cobre en el enlace X-H.

4. Describir la naturaleza de las barreras de enerǵıa y cuantificar los efectos estruc-

turales y electrónicos mediante los modelos de fuerza de reacción y ASM.

5. Determinar el efecto de la modificación estructural de los reactantes (carbenoide

y fenol) en la reacción de inserción del carbenoide en el enlace O-H.
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Detalles Computacionales

Los cálculos fueron realizados utilizando la Teoŕıa de Funcionales de la Densidad

(TFD), de manera de tomar en cuenta los efectos de intercambio y correlación

electrónica en los sistemas moleculares. Se realizó un estudio benchmark para va-

lidar la metodoloǵıa a utilizar. Entre los funcionales TFD analizados, se utilizaron

dos funcionales h́ıbridos-GGA: B3LYP [79, 80] y PBE0 [80], el funcional h́ıbrido meta-

GGA M06-2X [81, 82] y el funcional h́ıbrido-GGA con correcciones de largo alcance

!B97X-D3 [83]. Todos estos funcionales fueron comparados con el método ab initio

DLPNO-CCSD(T)[84], eligiendo el funcional M06-2X para estudiar los sistemas de

interés (ver Apéndice).

Es importante destacar que el funcional M06-2X fue diseñado para mejorar el rendi-

miento en la obtención de propiedades de los sistemas que involucran interacciones no

covalentes, tales como puentes de hidrógeno, interacciones de van der Waals, apila-

miento ⇡�⇡, transferencias de carga débiles, etc. Además, es altamente recomendado

para el estudio de la termodinámica y cinética de reacciones qúımicas [82, 85, 86]. Se

utilizó un conjunto de funciones base estándar del tipo DZP (doble zeta) cc-pVDZ
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para tratar aquellos átomos no metálicos, mientras que para átomos metálicos se uti-

lizó el LANL2DZ como pseudopotencial cuasirelativista y set de base. El efecto del

solvente fue tomado en cuenta utilizando el método SCRF (Self-Consistent Reaction

Field), aplicando el modelo SMD (Solvation Model based on Density)[87], utilizando

diclorometano como solvente (" = 8.93), para tomar en cuenta las condiciones expe-

rimentales. Para determinar la estructura electrónica de los sistemas estudiados, se

realizó el análisis de la densidad electrónica, cargas atómicas, orden de enlace, orbita-

les moleculares y la superficie de potencial electrostático (SPE). Las cargas atómicas

fueron obtenidas a partir del esquema de partición de Hirshfeld-I, las cuales fueron

calculadas utilizando el método implementado en el programa Multiwfn 3.5 [88]. El

uso de las cargas de Hirshfeld-I se deriva de la buena reproducibilidad respecto a los

momentos dipolares, robustez con respecto a los cambios geométricos y obtención

cualitativa correcta del SPE [89, 90].

Para estudiar las interacciones intermoleculares, se utilizó el ı́ndice de interacciones

no covalentes (NCI) [61, 63], definido en la Sección 2.6, mediante el programa NCI-

PLOT 3.0 [61, 63, 91, 92]. El cálculo de pKa se realizó utilizando la ecuación pKa =

�G⇤
aq/2.303 RT, donde �G⇤

aq se calculó directamente a partir de las enerǵıas libres

de Gibbs acuosas del ácido y la base conjugada, utilizando las correcciones de solva-

tación desarrolladas por Peng [93] para construir la cavidad del soluto.

El análisis armónico vibracional fue llevado a cabo para confirmar reactantes y

productos como un mı́nimo sobre la superficie de enerǵıa potencial y el estado de

transición (ET) como un punto de silla de primer orden con un único valor propio

negativo en su matriz hessiana.
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Mientras que para estudiar el mecanismo detallado de la inserción del carbenoide

de cobre (I) en los enlaces N-H y O-H se aplicó el método basado en la coordena-

da intŕınseca de reacción (CIR) [36, 37]. Además, se realizó el análisis de orbitales

naturales de enlace (NBO) [74, 76, 77], tanto para la obtención de los órdenes de

enlace, como para el análisis de interacción donor-aceptor. Todos los cálculos fueron

realizados usando el paquete de programas Gaussian 16 [94] como también el progra-

ma Orca 4.0.0.2 [95]. La visualización y generación de estructuras moleculares fueron

performadas con el programa Chemcraft [96] y las figuras fueron generadas con el

programa CYLview [97].
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Caṕıtulo 6

Reactividad Intŕınseca en el

Carbenoide y los Sustratos

En este primer caṕıtulo de resultados, como punto de partida en este trabajo de tesis,

nos centraremos en analizar la reactividad de cada sistema por separado, con el fin

de obtener información de los sitios y átomos activos de cada sistema interactuante.

6.1. Reactividad del Carbenoide

En esta tesis, el estudio se centró en un carbenoide de cobre (I), sustituido con un

grupo dador de electrones por efecto inductivo, CH3, y un grupo aceptor de electrones

tanto por efecto resonante como inductivo, C3H5O2. Ambos efectos electrónicos (da-

dor y aceptor) llevan a un C⇤ con caracteŕısticas electrof́ılicas. Este carbenoide es un

intermediario reactivo que comparte caracteŕısticas similares a las de un carbeno, sin

embargo, es una especie mucho más estable. Esta estabilidad es otorgada tanto por

la incorporación del complejo metálico, como también por la variación de los grupos
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adyacentes al carbono carbenoide (C⇤) (ver Figura 1.3). Para comprobar dicho efecto,

se realizó un estudio electrónico del sistema carbenoide, centrándose en el estudio de

la superficie de potencial electrostático (SPE). La SPE ilustra la distribución de la

densidad electrónica en la molécula en tres dimensiones, permitiendo la visualización

de regiones con carga variable dentro de una molécula. El conocimiento de la dis-

tribución de carga se puede utilizar para determinar cómo las moléculas interactúan

entre śı.

Figura 6.1: Superficie de potencial electrostático para el sistema carbenoide, uti-
lizando un isovalor de 0.01 a.u. calculado a nivel M06-2X/cc-pVDZ. La notación *
corresponde al carbono electrof́ılico (C*). El color rojo indica déficit de electrones, y
el color azul exceso de electrones.

La Figura 6.1 contiene la estructura del carbenoide de cobre y la superficie de poten-

cial electrostático del carbenoide bajo estudio. En ésta se observa un déficit de elec-

trones (isosuperficie de color rojo) localizado en centro del carbenoide, de esta forma

el C* posee carga de +0.03 |e|, mientras que el exceso de electrones (isosuperficie de

color azul) se localiza en aquellos átomos que tienen una mayor electronegatividad,

como lo son los ox́ıgenos del formiato de etilo (grupo atractor de electrones).

Por otro lado, el complejo de cobre ((S,S)-2,2-bis(4-fenil-2-oxazolin-2-il)propano cobre
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(I)) cumple un rol clave en las caracteŕısticas electrof́ılicas del C*, por lo que es

necesario dilucidarlo a partir de un análisis orbitalario. El estudio de los orbitales de

enlace natural (NBOs) permite determinar interacciones orbitalarias responsables de

la naturaleza electrof́ılica del C*, a partir de un análisis de interacción donor-aceptor,

el cual es representado en la Figura 6.2, donde se presenta una alta donación � desde

del orbital sp2 del C* al orbital s del cobre, con una enerǵıa de estabilización de 106.8

kcal/mol. Mientras que por otro lado, una baja retrodonación ⇡ se presenta desde

el orbital dxy del cobre al orbital py vaćıo del C⇤, con una enerǵıa de estabilización

de 18.8 kcal/mol. La alta donación � junto con la baja retrodonación ⇡ en el enlace

Cu�C* resulta en un C* con caracteŕısticas electrof́ılicas.

Figura 6.2: Orbitales de enlace natural (NBOs) asociados con la interacción donor-
aceptor en el enlace Cu�C⇤. El color azul y rojo representan las diferentes fases
existentes en los orbitales naturales.

6.2. Reactividad de los Sustratos

La reactividad de los sustratos también juega un rol clave en el proceso de inserción,

debido a que el carbenoide electrof́ılico debe insertarse en el enlace X-H proveniente

del sustrato, siendo esencial que éste presente una naturaleza nucleof́ılica. En esta

sección se analizarán dos sustratos, anilina (C6H5NH2) y fenol (C6H5OH), para es-
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tudiar los enlaces N(sp3)-H y O(sp3)-H, respectivamente, utilizando en ambos casos

el mismo carbenoide de cobre. Para estudiar la naturaleza nucleof́ılica, en primer

lugar se realizó un estudio electrostático, a partir de la SPE y las cargas atómicas

de Hirshfeld-I. La Figura 6.3 muestra que en la SPE, el exceso de electrones se loca-

liza en el heteroátomo con cargas de -0.18 |e| para anilina y -0.19 |e| para el fenol,

indicando que existe una mayor densidad de electrones en el átomo de ox́ıgeno del

sustrato fenólico.

Figura 6.3: Superficie de Potencial Electrostático (SPE) para los sustratos en estu-
dio, utilizando un isovalor de 0.01 a.u.. La isosuperficie de color rojo señala deficiencia
de electrones, mientras que la de color azul un exceso de electrones.

Adicionalmente, la SPE muestra que el déficit de electrones se encuentra en el(los)

átomo(s) de hidrógeno enlazado(s) al heteroátomo, por lo que se calculó la carga

para el átomo de hidrógeno correspondiente al enlace X-H, donde el fenol presentó

un hidrógeno con un mayor carácter deficiente en electrones, con carga de +0.17 |e|,

mientras que los hidrógenos proveniente de la anilina poseen carga de +0.11 |e|. Esta
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caracteŕıstica juega un rol clave para la posterior formación del enlace C⇤-H y salida

del complejo metálico, que se lleva a cabo en la reacción de inserción, la cual estu-

diaremos con mayor profundidad en el Caṕıtulo 7.

En resumen, los resultados de este caṕıtulo mostraron que ambas especies (carbe-

noide y sustrato) tienen un comportamiento electrónico favorable para llevar a cabo

una interacción orbitalaria entre ambas especies. Donde el carbenoide de cobre pre-

sentó caracteŕısticas electrof́ılicas, las cuales son resultantes tanto de la contribución

electrónica de los sustituyentes (donor y atractor de electrones), como de la contri-

bución orbitalaria del metal, siendo esta última producto de alta donación � y baja

retrodonación ⇡. Mientras que, los sustratos mostraron un carácter nucleof́ılico, pro-

veniente de la acumulación de densidad electrónica en los heteroátomos de interés (N

y O), debido a la mayor electronegatividad que estos átomos presentan.
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Caṕıtulo 7

Mecanismo de Reacción

En este segundo caṕıtulo de resultados, nos enfocaremos en estudiar en detalle el

mecanismo por el cual procede la reacción de inserción del carbenoide de cobre en

los enlaces N-H y O-H. Sin embargo, antes de presentar los resultados, es importante

destacar que el mecanismo de una reacción corresponde a una descripción detallada

de la transformación de reactantes a productos, esta descripción incorpora tanto el

movimiento de electrones como las relaciones espaciales de los átomos durante dichos

procesos qúımicos. Adicionalmente, los eventos qúımicos relacionados con la trans-

formación qúımica pueden ser llevados a cabo tanto en un paso elemental como en

una secuencia de pasos elementales, por lo que cuando el proceso qúımico es llevado

a cabo en un único paso cinético, el mecanismo de reacción es definido como con-

certado, mientras que si éste procede en dos o más pasos cinéticamente diferentes a

través de uno o más intermediarios, se puede definir como un mecanismo en etapas.

Es importante notar, que un mecanismo concertado puede involucrar una serie de

cambios, lo que lleva a definir un mecanismo concertado sincrónico o asincrónico. El

sincrónico se refiere a un proceso donde los eventos de formación y ruptura de enlace

proceden de manera simultánea, mientras que el asincrónico se refiere a una reacción
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en la que los eventos qúımicos tienen lugar en forma secuencial.

Como mencionamos anteriormente, en este caṕıtulo, se analizarán las distintas rutas

de reacción que se pueden llevar a cabo en la reacción de inserción del carbenoide

de cobre en los enlaces X-H (X: N, O). De esta manera la reacción de inserción bajo

estudio es mostrada en la Figura 7.1, donde es importante tener en cuenta que para

términos de esta tesis, sólo se centró el estudio en la reacción involucrada desde el

carbenoide ya formado hasta la formación del producto de inserción y la regeneración

del complejo de cobre cataĺıticamente activo (destacado en la Figura 7.1).

Figura 7.1: Reacción de inserción del carbenoide de cobre en los enlaces X-H (X: N
y O). La notación * corresponde al carbono electrof́ılico C*.

Se realizaron los cálculos de los estados estacionarios en las reacciones de inserción y,

a partir de las enerǵıas de todos los sistemas, se encontró dos mecanismos posibles, un

mecanismo concertado y un mecanismo en etapas. En ambos mecanismos, el primer

paso ocurre mediante un proceso sin barrera, formándose un compuesto zwitteriónico

(RCX), sistema molecular donde la carga formal negativa es localizada en el átomo

de cobre, mientras que la carga formal positiva se localiza en el heteroátomo (X). Esta
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especie, es formada a partir de una interacción inicial entre el (C⇤) del carbenoide y

el heteroátomo del sustrato, generando la formación de un enlace covalente C⇤-X con

una baja población electrónica en el orbital molecular enlazante.

Por otro lado, como se mencionó anteriormente, el carbenoide se forma a partir de

un diazocompuesto y un complejo metálico, donde a partir de la PhBOX la reacción

es enantioselectiva (ligando utilizado experimentalmente para este fin), por lo que,

en ambos caminos de reacción, ya sea en etapas o concertado, se obtienen dos isóme-

ros ópticos como producto de inserción, los que están relacionados directamente con

los efectos estéricos provenientes de los grupos fenilo del ligando con el sustrato en

estudio.
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7.1. Mecanismo Concertado

En esta sección, se describirá de forma detallada el mecanismo de la reacción de

inserción del carbenoide de cobre en los enlaces N-H y O-H mediante un mecanis-

mo concertado (R1-XH). Como se mencionó anteriormente, es posible formar dos

isómeros ópticos como producto de la reacción a partir de la orientación en la que el

sustrato se acerca al carbenoide. De esta manera, cuando el sustrato (anilina o fenol)

se acerca mediante una orientación frontal, se obtiene como producto un enantiómero

S, mientras que si el sustrato ataca mediante una orientación posterior, el producto

obtenido es el R (ver Figura 7.2).

Figura 7.2: Mecanismo propuesto para la reacción R1-XH señalando las dos orien-
taciones que se acerca el sustrato al carbenoide. La notación * corresponde al carbono
electrof́ılico (C*). R1: CH3 y R2: C3H5O2. X: C6H5NH, C6H5O.

A partir de esta información, se procedió a obtener las rutas por las que se obtienen

ambos isómeros. La Figura 7.3 muestra un diagrama de enerǵıa, donde las enerǵıas

(�Gsol) fueron calculadas incorporando el efecto del solvente. En el diagrama se pre-

senta sólo un paso elemental, es decir, sólo un paso cinético. Sin embargo existen tres

procesos qúımicos importantes dentro de este paso, ya sea tanto para la inserción que
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toma lugar en la anilina (R1-NH), como para la inserción que procede en el sustrato

fenólico (R1-OH).

Figura 7.3: Caminos de reacción competitivos para las reacciones R1-NH (R y
S) y R1-OH (R y S). La notación * corresponde al carbono electrof́ılico (C*). R1:
CH3 y R2: C3H5O2. El camino de reacción que lleva a la formación del producto
con configuración S es representado mediante la ĺınea roja, mientras que la ĺınea
azul representa la ruta que lleva a la formación del producto con configuración R.
La enerǵıa corresponde a la enerǵıa libre de Gibbs tomando en cuenta el efecto del
solvente diclorometano (CH2Cl2). Todos los valores se encuentran en kcal/mol.

Para analizar en detalle las reacciones, vamos a separar cada proceso asociado a cada

paso. El primer proceso corresponde a un paso sin barrera de enerǵıa, el cual involucra

el ataque del nucleófilo hacia al carbono electrof́ılico del carbenoide (C*) para llevar

posteriormente a la formación de un enlace covalente (C*-X), generando un com-

puesto zwitteriónico, denominado en esta tesis como complejo reactante (RCX). El

segundo proceso de la reacción incluye tanto la transferencia protónica desde el sustra-

to hacia el C*, como la ruptura del enlace Cu-C* llevando a la formación del complejo

producto (PCX), donde el producto de inserción (R o S) y el complejo metálico (CuL)
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permanecen unidos por medio de interacciones no covalentes. Finalmente, el último

proceso corresponde a la ruptura de las interacciones intermoleculares presentes en

PCX para aśı obtener separadamente el producto de inserción y el complejo de co-

bre cataĺıticamente activo. Los tres procesos qúımicos son mostrados en la Figura 7.3.

7.1.1. Primer proceso: Proceso sin barrera de enerǵıa

Figura 7.4: Caminos de reacción competitivos para el primer proceso, correspon-
diente a un proceso sin barrera para las reacciones R1-NH (R y S) y R1-OH (R y
S). La notación * corresponde al carbono electrof́ılico (C*). R1: CH3 y R2: C3H5O2.
El camino de reacción que lleva a la formación del producto con configuración S es
representado mediante la ĺınea roja, mientras que la ĺınea azul representa la ruta
que lleva la formación del producto con configuración R. La enerǵıa corresponde a
la enerǵıa libre de Gibbs tomando en cuenta el efecto del solvente diclorometano
(CH2Cl2). Todos los valores se encuentran en kcal/mol.

El primer proceso mostrado en la Figura 7.4, corresponde a la formación de un enlace

C*-X con órdenes de enlace de 0.84 (R) y de 0.77 (S) para R1-NH y 0.67 (R) y 0.55
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(S) para R1-OH, lo que sugiere la formación de un enlace covalente; además de

la pérdida de saturación del enlace Cu-C* (R) y ruptura del doble enlace para Cu-

C* (S). El estudio detallado de este proceso qúımico es esencial para el análisis del

mecanismo concertado, debido a que determina la enantioselectividad de la reacción.

Para cada inserción (R1-NH y R1-OH) se tienen dos procesos sin barrera, llevando

a la formación de dos diferentes complejos reactantes (RCX), donde cada uno de

ellos origina un isómero óptico espećıfico. El ataque posterior del sustrato origina las

especies RCX,R, mientras que las especies RCX,S son obtenidas mediante el ataque

frontal del sustrato hacia el carbenoide. Las enerǵıas de interacción para cada RCX

fueron obtenidas a partir de la siguiente ecuación:

�ERC = Ecarbenoide�sustrato(RCX)� Ecarbenoide � Esustrato (7.1)

Donde se encontró que tanto para R1-NH como para R1-OH �ERC es mayor para

aquellas especies formadas a partir de un ataque posterior, es decir, para las con-

formaciones que llevan a la formación del isómero R (RCX,R). Siendo RCX,R más

estable en 13.3 kcal/mol para R1-NH y 9.70 kcal/mol en R1-OH con respecto a

RCX,S.

Tabla 7.1: Enerǵıas de interacción del complejo reactivo (�ERC), enerǵıa de in-
teracción (�Eint) y enerǵıa de distorsión (�Edist) calculadas mediante el ASM. Los

porcentajes son calculados como%dist =
| �Edist |

| �Edist | + | �Eint |
x 100. Todos los valores

están en unidades de kcal/mol y además corresponden a enerǵıas electrónicas.

R1-NH R1-OH
RCN,R RCN,S RCO,R RCO,S

�ERC -27.6 -14.3 -20.3 -10.6
�Edist 56.9 (40%) 103.2 (47%) 32.1 (38%) 73.8 (47%)
�Eint -84.5 (60%) -117.5 (53%) -52.4 (62%) -84.4(53%)
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Para entender e identificar la naturaleza de las enerǵıas de formación del complejo

reactante, ésta se descompuso tanto en �Edist como en �Eint, las enerǵıas de dis-

torsión y de interacción, y su contribución a la enerǵıa de formación del complejo

reactante (�ERC) son mostradas en la Tabla 7.1. Donde se observa que �Eint (de

naturaleza estabilizadora) tiene una mayor contribución en todos los casos, siendo

mucho más importante para el ataque posterior, con una contribución de más del

60% de la suma de los valores absolutos de las componentes de �ERC . Los resulta-

dos indican que en ambas especies qúımicas (RCX,R y RCX,S) la enerǵıa del complejo

reactante (�ERC) es dominada por la enerǵıa de interacción �Eint (60% (R)) y 53%

(S)). La menor estabilidad encontrada en los complejos reactantes RCX,S se explica

por el incremento en �Edist, producto de la alta enerǵıa utilizada para permitir la

deformación geométrica de los sistemas S y, de su mayor reactividad hacia la forma-

ción del producto final de la reacción.

Adicionalmente, la Figura 7.5 muestra las correspondientes estructuras para cada

orientación del sustrato, para R1-NH y R1-OH, donde se observa que en ambas

estructuras RCN,S y RCO,S se presenta una importante deformación de la geometŕıa

respecto al carbenoide inicial. Esto es producto de la pérdida de saturación y rom-

pimiento del enlace Cu-C* (d: 3.34 Å para R1-NH y 3.41 Å para R1-OH), condu-

ciendo al fortalecimiento del enlace C*-X (d: 1.46 Å para C*-N y 1.48 Å para C*-O),

por lo que gran parte de la enerǵıa que se libera en la formación del enlace C*-X es

utilizada para romper el enlace Cu-C*, lo que explica la mayor enerǵıa de interacción

del complejo reactivo conduciendo a una menor estabilidad. Además, la ruptura del

enlace Cu-C* lleva consigo la pérdida de contribución orbitalaria (ver Tabla 7.2),

proveniente del átomo de cobre, resultando en la formación de especies inestables.
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Figura 7.5: Estructuras del complejo reactante RCX,R y RCX,S en la reacción R1-
XH (X: N, O). El valor entre paréntesis corresponde a la enerǵıa electrónica de
formación del complejo reactante (�ERC). Todos los valores están en kcal/mol.

Tabla 7.2: Orden de enlace Cu-C* y distancia de enlace Cu-C* medida en Å para
los complejos reactantes RCX

Sistema Orden de enlace Cu-C* Distancia de enlace Cu-C*
RCN,R 0.50 2.08
RCN,S 0.00 3.34
RCO,R 0.54 2.07
RCO,S 0.00 3.41

Para estudiar el comportamiento de �Eint, se estudió el método de descomposición

de enerǵıa EDA sobre las enerǵıas de interacción �Eint de RCX,R y RCX,S, donde
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�E int puede escribirse como:

�Eint = �Velstat +�EPauli +�Eorb (7.2)

Los resultados a partir de la EDA (Figura 7.6 (a)) exponen un alto porcentaje de

repulsión de Pauli entre el carbenoide y el sustrato en RCN,S y RCO,S, siendo un 3%

más alto que RCN,R para R1-NH y 2% más alto que RCO,R para R1-OH. Este

aumento en la repulsión de Pauli explica la menor contribución de �Eint en �ERC

para las estructuras RCX,S respecto a RCX,R. El porcentaje de la repulsión de Pauli

fue calculado como%Pauli =
| �EPauli |

| �Velstat | + | �EPauli | + | �Eorb |
x 100.

Figura 7.6: (a) EDA para la enerǵıa de interacción �Eint en el complejo reactante
(RCX), expresadas en porcentaje de �Eint, la columna azul corresponde al enan-
tiómero R, mientras que la columna en color gris corresponde al enantiómero S. (b)
Gráficos NCI de las estructuras RCX , en paréntesis se encuentra el porcentaje de
�EPauli. En color rojo se encuentran las interacciones repulsivas, en color verde las
interacciones van der Waals y en azul se representan las interacciones atractivas.

Para entender la naturaleza de la repulsión de Pauli, se realizó el análisis de inter-
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acciones no covalentes (NCI). Los resultados son mostrados en la Figura 7.6 (b),

donde el ligando quiral (PhBOX) otorga la selectividad a la reacción. En esta figura,

se observa que el ataque frontal del sustrato al carbenoide es mayoritariamente im-

pedido mediante repulsiones van der Waals, lo que se refleja en la alta repulsión de

Pauli encontrada en estos sistemas. Contrariamente, el ataque posterior es favorecido

principalmente por la configuración que tiene el ligando quiral.

7.1.2. Segundo Proceso: Paso elemental

El segundo proceso para R1-NH y R1-OH mostrado en la Figura 7.7, involucra un

estado de transición, caracteŕıstico de una reacción concertada, que corresponde a

una transferencia protónica, cuyo átomo donor es el heteroátomo (X: N, O), mientras

que el átomo aceptor es el carbono C*, formándose el enlace C*-H y las consiguientes

rupturas de X-H y Cu-C*, resultando en la salida del complejo de cobre.

La altura de la barrera nuevamente está sujeta a la orientación del ataque proveniente

del sustrato. Las enerǵıas de activación para R1-NH corresponden a 39.2 (R) y 47.5

(S) kcal/mol, mientras que en la reacción R1-OH las barreras son de 20.0 (R) y 33.8

(S) kcal/mol, indicando que la enantioselectividad es favorecida cinéticamente. Las

estructuras de TSX,R y TSX,S son mostradas en la Figura 7.8, donde para TSX,S se

observa que el complejo de cobre se libera antes que ocurra la transferencia protónica,

presentando distancias de enlace Cu-C* de 3.42 Å en R1-NH y 3.51 Å en R1-OH.

En TSX,R, la salida del complejo de cobre y la transferencia protónica se realizan

simultáneamente (d Cu-C*: 2.16 Å (R1-NH) y 2.19 Å R1-OH). Esta diferencia se

debe a que la geometŕıa molecular adoptada por TSX,S presenta una deformación

geométrica importante producto de la repulsión entre el ligando PhBOX y el sustra-
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to, lo que desfavorece un ataque frontal.

Figura 7.7: Caminos de reacción competitivos para el paso elemental, para las reac-
ciones R1-NH (R y S) y R1-OH (R y S). La notación * corresponde al carbono
electrof́ılico (C*). R1: CH3 y R2: C3H5O2. El camino de reacción que lleva a la forma-
ción del producto con configuración S es representado mediante la ĺınea roja, mientras
que la ĺınea azul representa la ruta que lleva a la formación del producto con confi-
guración R. La enerǵıa corresponde a la enerǵıa libre de Gibbs tomando en cuenta
el efecto del solvente diclorometano (CH2Cl2). Todos los valores se encuentran en
kcal/mol.
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Figura 7.8: Gráficos NCI 2D y 3D para las estructuras del estado de transición
(TS), correspondiente a las reacciones R1-NH y R1-OH. En los gráficos 2D (pa-
nel superior), los puntos de color azul corresponden a las estructuras del estado de
transición TSX,R, mientras que los de color rojo representan a las estructuras del
estado de transición TSX,S. X corresponde al heteroátomo (X: N, O). En los gráficos
3D (panel inferior), los valores entre paréntesis corresponden a la enerǵıa electrónica
de activación en kcal/mol.

El ı́ndice de interacciones no covalentes (NCI) ha sido calculado para entender la

naturaleza de la enantioselectividad de las reacciones en estudio. Los gráficos de

NCI, tanto 2D y 3D, son mostrados en la Figura 7.8 en los estados de transición

TSX,R y TSX,S. En TSX,S se observa un mayor número interacciones van der Waals

repulsivas entre el grupo fenilo de PhBOX y el sustrato, reflejándose en el incremento

de la barrera de enerǵıa para aquellas reacciones que proceden mediante la orientación

frontal del sustrato. Por otro lado, en las estructuras TSX,R existe un menor número

de interacciones desfavorables entre ambas especies, haciendo que el paso que conduce

a sistemas con configuración R ocurra con menor enerǵıa de activación.
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Mecanismo de Reacción

Figura 7.9: (a) Perfil de enerǵıa potencial con respecto a la coordenada de reacción
⇠. (b) Perfil de fuerza de reacción con respecto a ⇠. Ambos perfiles corresponden al
paso elemental de R1-XH en cada caso. La ĺınea en rojo representa la reacción R1-
NH, mientras que la ĺınea en negro la reacción R1-OH. La coordenada de reacción
del perfil F(⇠) se graficó de -4 a 4, para una mejor visualización de la región de
transición.

Debido a la relevancia del segundo proceso dentro de la reacción de inserción, se

realiza el análisis del mecanismo de reacción con el fin de entender el significado

f́ısico de la enerǵıa de activación a partir de la RF y el ASM. Con este objetivo, se

tomaron aquellas reacciones más favorables basadas en el análisis realizado con el

modelo EDA y NCI, las que resultan en el ataque posterior que conducen a isóme-

ros con configuración R. La Figura 7.9 muestra los perfiles de enerǵıa potencial y de

fuerza de reacción para R1-NH (ĺınea de color rojo) y R1-OH (ĺınea de color negro).

Los resultados correspondientes a la altura de la barrera de enerǵıa indican que la reac-

ción es favorecida cinéticamente cuando la reacción toma lugar en el sustrato fenólico

(�E
6= = 20.0 kcal/mol vs 39.2 kcal/mol para R1-OH y R1-NH, respectivamente).

Para explicar este comportamiento se analizaron los trabajos de reacción, los cuales
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son obtenidos a partir del perfil de RF considerando especialmente los trabajos W1

y W2, ya que ellos toman en cuenta el costo energético asociado a la transformación

de reactantes a productos. Los trabajos de reacción son mostrados en la Tabla 7.3,

donde se observa una importante contribución de W2 a la enerǵıa de activación en

R1-NH en contraste a R1-OH (34% vs. 19%). Para explicar la diferencia entre

los trabajos de reacción W1 y W2, se complementó el análisis de RF con ASM para

aśı comparar tanto la enerǵıa de interacción como la distorsión en términos de los

trabajos de reacción (W1�dist, W1�int, W2�dist y W2�int). Los resultados se presentan

en la Tabla 7.3 e indican que la mayor contribución a W1 corresponde a la repulsión

estérica entre el grupo fenilo del ligando y el sustrato (W1�int es positivo, es decir, de

naturaleza repulsiva), mientras que W2 se encuentra dominado principalmente por

una distorsión geométrica del sustrato. Por lo que, el mayor W2 encontrado en R1-

NH corresponde a una mayor deformación estructural que es producto de la ruptura

de los enlaces N-H y Cu-C*, resultando en un incremento de la enerǵıa de activación

con respecto a R1-OH.

Tabla 7.3: Trabajos W1 y W2 con sus contribuciones en Wdist y Wint para R1-NH
y R1-OH. Todos los valores se encuentran en kcal/mol y corresponden a enerǵıas
electrónicas.

R1-NH (39.2) R1-OH (20.0)
W1

26.4 (66%)
W2

12.8 (34%)
W1

16.2 (81%)
W2

3.83 (19%)
W1�dist W1�int W2�dist W2�int W1�dist W1�int W2�dist W2�int

5.95 20.4 35.2 -22.4 -9.37 25.5 21.0 -17.2

Adicionalmente, se realizó un análisis cualitativo del modelo de activación y distor-

sión (ASM) cuyos resultados se muestran en la Figura 7.10 (a). La ĺınea de color

azul en la figura corresponde a la enerǵıa de interacción �Eint, que corresponde a

la suma de todos los efectos energéticos que resultan de la combinación y mezcla
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de la distribución de carga de los fragmentos. La ĺınea de color verde representa la

enerǵıa de distorsión �Edist, la que es identificada como la distorsión geométrica de

los fragmentos aislados, mientras que la ĺınea roja corresponde a la enerǵıa total.

Los perfiles ASM muestran que la región de reactantes es dominada por una enerǵıa

de interacción positiva, asociada a la enerǵıa de repulsión de Pauli, generando una

desestabilización del sistema. Esta tendencia se observa en ambas reacciones siendo

mayor en R1-OH; sin embargo, ésta va acompañada de una alta estabilización aso-

ciada a la enerǵıa de distorsión, la cual es vinculada con los reordenamientos de tipo

estructural que están tomando lugar en la reacción.

Para entrar en mayor detalle sobre la contribución de estabilización otorgada por la

enerǵıa de distorsión en R1-OH, se graficó la enerǵıa de distorsión asociada a ambos

fragmentos (carbenoide y sustrato) en la Figura 7.10 (b). Los resultados señalan que

la estabilización de la enerǵıa de distorsión en R1-OH tiene una mayor contribución

en la deformación geométrica que sufre el carbenoide, siendo estabilizado a medida

que la reacción transcurre, hasta las cercańıas del estado de transición. Estos resul-

tados pueden ser complementados con un análisis de orden de enlace mediante el

perfil de orden de enlace (Figura 7.10 (c)), donde en R1-OH aparecen importantes

variaciones en la región de reactantes, principalmente asociados al fortalecimiento del

enlace Cu-C*, evento qúımico que libera enerǵıa y contribuye a la estabilización del

carbenoide, tal como fue discutido para la enerǵıa de distorsión asociada al carbenoi-

de.

Adicionalmente, el enlace O-H se refuerza produciendo una leve estabilización en el

fenol. Contrariamente en R1-NH los enlaces se mantienen sin variación en la región
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de reactantes, por lo que, al no haber una estabilización en el carbenoide, resulta en

una enerǵıa de distorsión cercana a cero en la región de reactantes.

Estos resultados indican que la menor enerǵıa de activación que presenta R1-OH se

debe principalmente a la estabilización que experimenta el carbenoide en la región

de reactantes. Además de la baja contribución de W2 asociada a la enerǵıa de distor-

sión desestabilizadora asociada a la distorsión geométrica del sustrato, producto de

la ruptura del enlace O-H.

52



MECANISMO DE REACCIÓN

Figura 7.10: (a) Perfil del modelo de activación y distorsión. (b) Perfil de enerǵıa
correspondiente a distorsión en ambos fragmentos aislados (carbenoide y sustrato),
la enerǵıa de distorsión asociada al carbenoide es representada por la ĺınea de color
naranjo, la enerǵıa asociada al sustrato se graficó en color celeste y la enerǵıa total
de distorsión se presenta en color verde. (c) Perfil de orden de enlace de los enlaces
participantes del paso elemental. Los tres perfiles son graficados desde la coordenada
de los reactantes ⇠R hasta la coordenada del estado de transición ⇠ET . Todos los
valores energéticos se encuentran en kcal/mol.
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Figura 7.11: Función de localización electrónica (ELF) para las estructuras de los
productos obtenidos en las reacciones R1-NH y R1-OH con isovalor de 0.9 a.u., la
notación PL corresponde a los pares de electrones no compartidos. C representa al
átomo de carbono adyacente a X (X:N,O) y C’ al carbono en posición para al C.

Con respecto a la termodinámica de la reacción, �E
� indica que ambas reacciones

son favorables llevando a la formación de productos estables (�E� = -9.61 y -39.8

kcal/mol para R1-NH y R1-OH, respectivamente). Sin embargo, R1-OH resultó

ser más favorable al analizar los resultados de la función de localización electrónica

(ELF, Electron localization function) (Figura 7.11), la que permite analizar la pro-

babilidad de encontrar electrones localizados en una determinada región del espacio,

donde se observa que un par electrones libres del átomo de ox́ıgeno se encuentra

perpendicular al plano del ciclo aromático, con un ángulo diedro de ↵ PL-O-C-C’

de 96�, interactuando con los electrones de los enlaces ⇡ del benceno y entrando en
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conjugación con el anillo aromático, para aśı formar un producto de inserción más

estable. Mientras que, en R1-NH el PL del átomo de nitrógeno se encuentra en el

mismo plano del benceno, es decir, en una orientación perpendicular al sistema ⇡ del

anillo, impidiendo la conjugación (↵ PL-N-C-C’= 177�).

7.1.3. Tercer Proceso: Interacciones no covalentes entre el

producto de inserción y el complejo CuL

Figura 7.12: Caminos de reacción competitivos para el tercer paso, para las reac-
ciones R1-NH (R y S) y R1-OH (R y S). La notación * corresponde al carbono
electrof́ılico (C*). R1: CH3 y R2: C3H5O2. El camino de reacción que lleva a la forma-
ción del producto con configuración S es representado mediante la ĺınea roja, mientras
que la ĺınea azul representa la ruta que lleva a la formación del producto con confi-
guración R. La enerǵıa corresponde a la enerǵıa libre de Gibbs tomando en cuenta
el efecto del solvente diclorometano (CH2Cl2). Todos los valores se encuentran en
kcal/mol.
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Finalmente, el último paso del mecanismo concertado mostrado en la Figura 7.12,

corresponde a la ruptura de las interacciones no covalentes presentes en PCX , para

obtener separadamente el producto de inserción y el complejo de cobre (CuL). El cos-

to energético asociado con este proceso es de 4.30 y 13.0 kcal/mol en R1-NH para

los productos R y S respectivamente y, de 14.5 (R) y 22.6 (S) kcal/mol para R1-

OH. Esta enerǵıa es usada en las estructuras PCX,R para romper las interacciones

no covalentes entre el átomo de cobre y el átomo de ox́ıgeno del carbonilo (formiato

de etilo). Mientras que en las estructuras PCX,S esta enerǵıa se utiliza para romper

la interacción atractiva entre el átomo de cobre del complejo metálico y los enlaces

dobles provenientes del anillo aromático del sustrato (ver Figura 7.13).
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Figura 7.13: NCI 3D para las estructuras de los complejos producto PCX,R y PCX,S

obtenidos en las reacciones R1-NH y R1-OH.

En resumen, los resultados de esta sección indicaron que la reacción más favorable

cinéticamente, ocurre mediante un acercamiento posterior del sustrato (anilina/fenol)

siguiendo un mecanismo concertado, el cual presenta tres pasos importantes dentro

de la reacción. El primer paso, corresponde a proceso sin barrera de enerǵıa llevando

a un complejo reactante inicial. El segundo paso, presenta una transferencia protóni-

ca desde el sustrato hacia el carbenoide, la que genera la salida del complejo de

cobre (paso elemental). Finalmente, el tercer paso, corresponde a la ruptura de las

interacciones no covalentes entre el producto de inserción y el complejo de cobre. El
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análisis del paso elemental de la reacción, indica que la inserción en el enlace O-H es

favorecida tanto desde el punto de vista cinético como termodinámico con respecto

al enlace N-H, donde la enantioselectividad de la inserción está dada por el ligando

PhBOX mediante repulsiones estéricas, favoreciendo de este modo la formación del

enantiómero R como producto de inserción. Para el estudio en detalle del paso ele-

mental que lleva a la formación del producto de inserción R, se utilizaron los modelos

F(⇠) y ASM. De este modo, la fuerza de reacción indica que una gran contribución

de la barrera energética en N-H es producto de la mayor contribución de W2, que

impide el proceso de inserción. Mientras que el ASM, señala que la enerǵıa de activa-

ción para ambos enlaces es dominada por repulsiones estéricas entre el ligando y el

sustrato utilizado.
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7.2. Mecanismo en Etapas

Presentamos en esta sección el estudio del mecanismo en etapas en las reacciones de

inserción del carbenoide de cobre en los enlaces N-H (R2-NH) y O-H (R2-OH). El

diagrama de enerǵıa para este mecanismo se presenta en la Figura 7.14. La principal

caracteŕıstica de este mecanismo con respecto al concertado, es la participación direc-

ta del grupo formiato de etilo en la reacción. El mecanismo en etapas comienza con el

ataque nucleof́ılico del sustrato al carbenoide (proceso sin barrera de enerǵıa), seguido

de una transferencia protónica desde el heteroátomo del sustrato al grupo atractor de

electrones (primer paso elemental), el que posteriormente dona un protón hacia el C*

del carbenoide (segundo paso elemental). El segundo estado de transición (TS2�X)

y paso determinante de la reacción presenta �Gsol superiores a los reportados para

el paso elemental del mecanismo concertado (R1-XH: 16.5 kcal/mol (TSN,R) y 8.31

kcal/mol (TSO,R) vs. R2-XH 35.7 kcal/mol (TS2�N,R) y 14.5 kcal/mol (TS2�O,R)),

por lo que el mecanismo en etapas no se encuentra favorecido desde el punto de vista

cinético.

59



MECANISMO DE REACCIÓN

Figura 7.14: Caminos de reacción competitivos para las reacciones R2-NH (R y
S) y R2-OH (R y S). La notación * corresponde al carbono electrof́ılico (C*). R1:
CH3 y R2: C3H5O2. El camino de reacción que lleva a la formación del producto
con configuración S es representado mediante la ĺınea roja, mientras que la ĺınea
azul representa la ruta que lleva a la formación del producto con configuración R.
La enerǵıa corresponde a la enerǵıa libre de Gibbs tomando en cuenta el efecto del
solvente diclorometano (CH2Cl2). Todos los valores se encuentran en kcal/mol.

7.2.1. Primer proceso: Proceso sin barrera de enerǵıa

La Figura 7.14 y 7.15 representan de manera más detallada los pasos nombrados

anteriormente de este mecanismo. El primer paso en ambas reacciones corresponde

al ataque posterior del sustrato al centro electrof́ılico C*. Sin embargo, la estereo-

selectividad de la reacción, a diferencia de R1-XH, se define en la formación del

TS2�X , caracterizado por la transferencia protónica hacia este mismo carbono C*, la

que será discutida más adelante. Este primer paso, al igual que en el caso de R1-XH

corresponde a un proceso sin barrera de enerǵıa llevando a la formación del complejo

reactante RCX . Este sistema reactivo en R2-NH es 4.1 kcal/mol más estable que
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en R2-OH (RCN : -27.1 kcal/mol vs. RCO: -23.0 kcal/mol).

Figura 7.15: Mecanismo propuesto para la reacción R2-XH, tomando en cuenta
las dos orientaciones en las que la transferencia protónica puede tomar lugar en el
segundo paso elemental (TS2�X,R y TS2�X,S, respectivamente). La notación * en
color rojo corresponde al carbono electrof́ılico (C*), mientras que la notación * en
color negro corresponde al ox́ıgeno del grupo carbonilo del formiato de etilo (R2). R1:
CH3 y R2: C3H5O2. X: C6H5NH, C6H5O.

La Figura 7.16 presenta las estructuras de los complejos reactante formados (RCN y

RCO), donde se observa la conformación espacial que adoptan las estructuras RCN

y RCO, indicando la participación del ox́ıgeno (O*) proveniente del grupo carbonilo

del formiato de etilo (C3H5O2) en la reacción, lo que conlleva a la formación de un

ciclo de 5 miembros (C*-X-H-O*-C), por medio de un puente de hidrógeno entre el

ox́ıgeno (O*) y el H del sustrato. En esta figura, se aprecia además que a mayor

estabilidad del complejo reactante RCN formado, se observa un fortalecimiento del

enlace C*-N, debido a que la distancia de enlace es menor que en el caso de C*-O

(1.51 Å vs. 1.57 Å). Los órdenes de enlace asociados a los enlaces C*-N y C*-O son

0.71 y 0.53, respectivamente, confirmando la estabilidad del primer enlace.

61



MECANISMO DE REACCIÓN

Figura 7.16: Estructuras de los complejos reactante RCN y RCO en la reacción
R2-XH, para cada inserción en los enlaces N-H y O-H. El valor entre paréntesis
corresponde a la enerǵıa libre de Gibbs tomando en cuenta el efecto del solvente
(CH2Cl2). Todos los valores se encuentran en kcal/mol.

7.2.2. Segundo Proceso: Primer paso elemental

En este paso, se lleva a cabo la primera transferencia protónica (TS1�X) y el consi-

guiente debilitamiento del enlace Cu-C*. La transferencia protónica toma lugar desde

el heteroátomo (X) al átomo de ox́ıgeno (O*) del grupo R2. Este primer paso cinético

presenta enerǵıas libres relativas (�Gsol) de 5.07 y 5.03 kcal/mol para R2-NH y

R2-OH, respectivamente. Sin embargo, la altura de la barrera de enerǵıa correspon-

diente a este paso (desde RCX a TS1�X) es mayor para R2-NH que para R2-OH

(�G 6=
sol: 32.2 vs. 28.0 kcal/mol), lo cual es producto tanto de la mayor estabilización

que presenta el complejo reactante en RCN , como también de la naturaleza electróni-

ca del protón que participa de la transferencia protónica, donde en TS1�N el protón

transferido presenta una carga de +0.31 |e|, mientras que en TS1�O de +0.40 |e|.
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De esta forma, en R2-NH, al átomo aceptor (O*) le dificulta en mayor medida la

abstracción del protón.

Es importarte destacar que en la reacción R2-NH el protón participante de la trans-

ferencia protónica es distinto al que participa enR1-NH, de tal modo que enR2-NH

se transfiere el protón con menor carga positiva. La Figura 7.17 muestra que para el

caso de R1-NH, es decir, cuando la reacción toma lugar por un mecanismo concer-

tado, el protón que participa de la reacción corresponde al protón más electropositivo

(+0.35 |e|), mientras que si la reacción se lleva a cabo mediante un mecanismo en

etapas (R2-NH) el protón menos electropositivo (+0.31 |e|) es aquel que se transfiere.

Figura 7.17: Estructura del complejo reactante RCN . La esfera de color verde
corresponde al protón que participa de la reacción R1-NH, mientras que la esfera de
color celeste corresponde la protón que participa de la reacción R2-NH.

La primera transferencia protónica lleva a la formación de los intermediarios IntN y

IntO, que son mostrados en la Figura 7.18. Estos intermediarios presentan un enlace

Cu-C* debilitado, con órdenes de enlace de 0.25 para R2-NH y 0.24 para R2-OH,

dando cuenta del comienzo de la salida del complejo metálico, y generando por lo

tanto interacciones no covalentes entre el átomo de cobre y el C*.
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Los intermediarios presentan enerǵıas de 2.10 kcal/mol para R2-NH y -19.9 kcal/mol

para R2-OH, por lo que existe una importante diferencia en la termodinámica en

ambos procesos. R2-OH lleva a la formación de una especie intermediaria con mayor

estabilidad que R2-NH. Es importante notar que en este paso, el enlace C*-X es más

fuerte en el caso de R2-OH y tiene mayor estabilidad (distancia de enlace (orden de

enlace): 1.40 Å (1.2) en R2-OH vs. 1.45 Å (1.1) en R2-NH). Adicionalmente, la ma-

yor estabilidad del intermediario IntO, viene dada por la deslocalización electrónica

que presenta el anillo aromático del sustrato, lo cual es producto de la conjugación

electrónica del par de electrones libres del ox́ıgeno en el anillo aromático.

Figura 7.18: Estructuras de los intermediarios IntN y IntO en R2-XH

7.2.3. Tercer Proceso: Segundo paso elemental

El siguiente paso corresponde al paso determinante de la reacción, el que involucra

tanto la transferencia protónica desde el grupo hidroxilo (proveniente del grupo atrac-
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tor de electrones) hacia el átomo de carbono (C⇤), como también la salida definitiva

del complejo metálico (CuL), donde ambos eventos qúımicos ocurren de manera no

simultánea.

Figura 7.19: Esquema explicativo sobre las dos orientaciones que puede tomar la
transferencia protónica, la cual corresponde al segundo paso elemental y paso deter-
minante de la reacción R2-XH. R1:CH3, R2: C3H5O2, X: N,O.

Este paso es importante debido a que la transferencia protónica puede ocurrir sobre

o bajo el plano (coloreado en amarillo en la Figura 7.19), generando dos produc-

tos de inserción con configuración enantiomérica distinta (R y S). La formación del

enantiómero R tiene enerǵıas de 14.5 kcal/mol para R2-OH y 35.7 kcal/mol para

R2-NH, mientras que la formación del enantiómero S presenta enerǵıas superiores

al primer caso (34.3 kcal/mol en enerǵıa para R2-OH y 39.3 kcal/mol en enerǵıa

para R2-NH). A partir de estos resultados, podemos confirmar que la enantioselec-

tividad de la reacción se ve favorecida cinéticamente hacia la formación del producto

con configuración R. Además, es importante mencionar que en el mecanismo en eta-

pas nuevamente el ligando PhBOX juega un rol clave en la enantioselectividad de la

reacción, principalmente en R2-OH. La enantioselectividad que otorga el ligando se

presenta mediante efectos estéricos tanto entre el grupo fenilo del ligando PhBOX
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con el grupo formiato de etilo, como con el anillo aromático del sustrato, cuando la

transferencia protónica toma lugar por debajo del plano. Estos resultados se pueden

visualizar en la Figura 7.20, a partir del análisis 3D de NCI, donde se presenta un

menor número de interacciones van der Waals repulsivas en TS2�X,R que en TS2�X,S.

Figura 7.20: Gráficos NCI 3D para las estructuras del estado de transición (TS),
correspondiente a las reacciones R2-NH y R2-OH.

Etapa determinante para R2-NH y R2-OH

En este análisis, la discusión se centrará en la reacción más favorable de ambos siste-

mas, la que corresponde a la transferencia protónica que toma lugar por debajo del

plano, ya que es la orientación que ocurre con una menor enerǵıa de activación, llevan-

66



MECANISMO DE REACCIÓN

do a la formación del producto de inserción R. Para ello, se utilizó el modelo de fuerza

de reacción con la finalidad de analizar la naturaleza f́ısica de la enerǵıa de activación.

Sin embargo, es necesario analizar el perfil de enerǵıa potencial con respecto a ⇠, el

que se muestra en la Figura 7.21 (a). Estos resultados indican que la transferencia

protónica corresponde a un proceso favorable para ambas reacciones (R2-NH y R2-

OH) con enerǵıas electrónicas de reacción de -26.3 y -32.4 kcal/mol, respectivamente.

Figura 7.21: (a) Perfil de enerǵıa potencial con respecto a la coordenada de reacción
⇠. (b) Perfil de fuerza de reacción con respecto a ⇠. Ambos perfiles correspondientes al
paso determinante de R2-XH. La ĺınea de color rojo representa la reacción R2-NH,
mientras que la ĺınea de color negro a la reacción R2-OH. Los valores de enerǵıa se
encuentran en kcal/mol.

La cinética de la reacción representada por la altura de la barrera de enerǵıa indi-

ca que R2-NH tiene una enerǵıa de 37.2 kcal/mol, mientras que R2-OH de 34.5

kcal/mol. La diferencia en la barrera de enerǵıa es pequeña debido a que la natura-

leza del heteroátomo proveniente del sustrato (N y O) no afecta directamente a la

transferencia protónica, ni tampoco a la salida del complejo de cobre (CuL), sino más

bien, sólo afecta a la naturaleza electrónica de los átomos donor (O*)/aceptor(C*) de

la transferencia protónica. La Figura 7.22 muestra las cargas atómicas del estado de
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transición para ambas reaccionesR2-NH yR2-OH, donde paraR2-NH el heteráto-

mo tiene un efecto electrónico sobre el ox́ıgeno (O*) que permite un leve aumento de

la densidad de electrones en este átomo (O*: -0.47 |e| enR2-NH, O*: -0.45 |e| enR2-

OH) y, por lo tanto haciendo levemente más dif́ıcil que el átomo donor ceda el protón.

Figura 7.22: Cargas atómicas obtenidas a partir del esquema de partición Hirshfeld-I
para la estructura del estado de transición de R2-NH y R2-OH.

Tabla 7.4: Trabajos de reacción W1 y W2 y su contribución porcentual a la enerǵıa
de activación para las reacciones R2-NH y R2-OH. Todos los valores se encuentran
en kcal/mol y corresponden a enerǵıas electrónicas.

R2-NH (37.2) R2-OH (34.5)
W1

33.7 (91%)
W2

3.60 (9%)
W1

31.1 (90%)
W2

3.40 (10%)

En la Figura 7.21 (b) se presentan los perfiles de fuerza, donde se puede notar que

ambas reacciones proceden prácticamente de la misma forma, los cuales son muy si-

milares entre ellos. Los trabajos de reacción asociados a estas reacciones se muestran

en la Tabla 7.4, indicando que la enerǵıa asociada a cambios estructurales es la que

define la barrera de enerǵıa en un 90%, encontrándose dada por la elongación del

ángulo C*-H -O* (ver Figura 7.23 (c)). La Figura 7.23 (a) muestra que las distancias

de enlace O*-H y C*-H se mantienen constantes en la región de reactantes (⇠R - ⇠min)
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tanto paraR2-NH como paraR2-OH, por lo que variaciones en las distancias de en-

lace no estaŕıan contribuyendo en enerǵıa al trabajo de reacción W1. Adicionalmente,

la Figura 7.23 (b) muestra que la distancia de enlace Cu-C* en R2-NH y R2-OH,

comienza a disminuir en la región entre ⇠R - ⇠min, lo que indica el fortalecimiento del

enlace Cu-C* antes de que ocurra la transferencia protónica (2.41 Å a 2.00 Å). Esta

disminución de la distancia de enlace corresponde a un fortalecimiento del enlace

Cu-C*, proceso que libera enerǵıa, por lo que no contribuye al aumento de enerǵıa en

la región de reactantes (cuantificado en W1). Es importante mencionar que a partir

de la Figura 7.23 (a) y (b), se puede señalar que los procesos correspondientes a la

transferencia protónica y a la salida del complejo de cobre corresponden a procesos

desacoplados, es decir, no se llevan a cabo simultáneamente; donde la transferencia

protónica ocurre en la región de transición, mientras que el complejo de cobre se

separa en la región de productos.
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Figura 7.23: (a) Perfil de distancia de enlace, correspondiente a enlaces participan-
tes directamente de la transferencia protónica (C*-H y O-H). (b) Perfil de distancia
de enlace del enlace Cu-C*, caracteŕıstico de la salida del complejo de cobre. (c) Perfil
de la elongación del ángulo C*-C-O*, caracteŕıstico de la transferencia protónica. Las
lineas de color rojo corresponden a la reacción R2-NH, mientras que las de color
negro a R2-OH.

7.2.4. Cuarto Proceso: Interacciones no covalentes entre el

producto de inserción y el CuL

El último paso corresponde al rompimiento de las interacciones no covalentes exis-

tentes entre el complejo de cobre y el producto de inserción formado. A partir de la

Figura 7.14, en R2-NH (estructuras PCN,R y PCN,S) la enerǵıa asociada corres-

ponde a 13.4 y 15.3 kcal/mol para llevar al producto de inserción aislado de R y S,

respectivamente, mientras que en caso de R2-OH (estructuras PCO,R y PCO,S) son
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8.30 y 15.7 kcal/mol en enerǵıa para R y S, respectivamente. Estas enerǵıas están en

el orden de las que se tienen en las interacciones no covalentes, las que dependiendo de

la naturaleza de las fuerzas intermoleculares vaŕıan de 1.20 a 83.6 kcal/mol [98]. En

este contexto, es necesario realizar un análisis de las interacciones intermoleculares

que participan en la formación de PCX,R y PCX,S a través del uso de NCI.

La Figura 7.24 muestra los gráficos 3D del ı́ndice NCI, donde las estructuras PCN,R

y PCO,R, presentan una interacción atractiva (superficie de color azul) entre el átomo

de cobre y el ox́ıgeno (O*) del carbonilo (formiato de etilo). Mientras que las estruc-

turas PCN,S y PCO,S además de presentar la interacción atractiva entre Cu y O*,

presenta otra interacción atractiva entre el átomo de cobre y el hidrógeno proveniente

del grupo dador de electrones (CH3) Cu · · · H, lo que puede justificar las pequeñas

diferencias entre la formación de los isómeros R y S, donde el producto S se ve lige-

ramente favorecido en ambas inserciones. En este último caso, el producto obtenido

a partir de la reacción R2-OH es más favorable, debido a que las interacciones son

más débiles que en el caso de R2-NH.
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Figura 7.24: Gráficos 3D obtenidos a través del ı́ndice NCI para las estructuras de
los complejos producto PCX,R y PCX,S.

En resumen, los principales resultados discutidos en esta sección señalan que este

mecanismo presenta cuatro pasos: (i) proceso sin barrera de enerǵıa que lleva a la

formación de un complejo reactante inicial, mediante un acercamiento posterior del

sustrato al carbenoide, (ii) primer paso elemental correspondiente a la primera trans-

ferencia protónica, la cual procede desde el heteroátomo al átomo de ox́ıgeno (O*) del

sustituyente atractor, (iii) segundo paso elemental y paso determinante de la reacción,

correspondiente a la transferencia protónica desde el grupo hidroxilo (sustituyente
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atractor) al átomo de carbono C* y (iv) ruptura de interacciones no covalentes entre

el producto de inserción y el complejo de cobre. Para el paso determinante los resulta-

dos indican que la reacción R2-OH se encuentra más favorecida que R2-NH, siendo,

al igual que en el mecanismo concertado, el sustrato fenólico más favorecido cinética

y termodinámicamente. Un aspecto importante que hay que destacar es el hecho de

que en la reacción con fenol, la diferencia entre las enerǵıas de activación entre los

TS que llevan a la formación del enantiómero R y S es de 19.8 kcal/mol, mientras

que es de 3.6 kcal/mol para el caso de la anilina, lo que indicaŕıa una reacción con un

mayor carácter enantioselectivo si se utiliza fenol como sustrato. Esta enantioselecti-

vidad nuevamente se debe, en mayor parte, a la presencia de ligando PhBOX en el

complejo de cobre, el cual, genera una mayor presencia de interacciones no covalentes

de naturaleza repulsiva en el sistema cuando éste se orienta geométricamente hacia

la formación del enantiómero S, especialmente en el caso del sustrato fenólico. Final-

mente, la salida del complejo de cobre requiere una menor enerǵıa cuando participa el

sustrato fenólico que la anilina, favoreciendo aún más el proceso para el caso del fenol.

En śıntesis los resultados de este caṕıtulo, señalaron que la reacción de inserción

del carbenoide de cobre en los enlaces X-H (X: N, O) se lleva a cabo mediante un

mecanismo concertado más que por un mecanismo en etapas, ya que las barreras del

paso limitante mostraron ser más bajas para el mecanismo concertado. Por esta razón,

en las siguientes secciones del Caṕıtulo 8, el estudio se centrará en las modificaciones

estructurales de los reactivos dentro del contexto de un mecanismo concertado.
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Caṕıtulo 8

Efecto del Cambio Estructural

sobre el Carbenoide y Sustrato

En este caṕıtulo el análisis se centrará principalmente en estudiar como vaŕıan las

barreras de enerǵıa en la reacción de inserción, al modificar el grupo sustituyente en

los reactantes; ya que es conocido que el cambio en la estructura de los sistemas reac-

tivos pueden llevar a cambios importantes en la reactividad de las especies qúımicas

y, por lo tanto, modificar las enerǵıas involucradas en las transformaciones qúımicas.

En base a esto, es interesante estudiar el efecto del cambio de la reactividad de los

sistemas qúımicos en la reacción de inserción del carbenoide de cobre en el enlace

O-H. Para ello, se estudiará el efecto que existe en el mecanismo concertado utilizan-

do fenol como sustrato (R1-OH) considerando el ataque posterior. Esta reacción fue

escogida debido a que, dentro de este trabajo de tesis, resultó ser la inserción más

favorable. Para ello, se presentará el efecto energético que tiene en las barreras de

enerǵıa el cambio de átomos en los sistemas carbenoide y sustrato. Para el carbenoi-

de se analizará el efecto del cambio del metal y la modificación de los sustituyentes

(donor/aceptor), mientras que en el sustrato se estudiará el efecto del cambio del
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sustituyente en el anillo aromático.

8.1. Modificación de la estructura en el complejo

carbenoide

Como se mencionó anteriormente, la reactividad del complejo carbenoide depende

en gran medida de su estructura, ya que cambios en el metal o en los sustituyentes

del carbenoide pueden afectar a la naturaleza electrof́ılica del carbono carbenoide

(C*). Existen varios trabajos experimentales que estudian el efecto del cambio en los

sustituyentes [2, 13, 19, 29, 99]; sin embargo, en el campo de la qúımica computacional,

los estudios teóricos son escasos. Por este motivo, se hace interesante estudiar el efecto

del cambio de la estructura del carbenoide desde una perspectiva computacional,

enfocándose en estudiar cambios energéticos, electrónicos y orbitalarios.

Efecto del metal en la reactividad del carbenoide

En esta sección se incluye el efecto del metal en la reactividad del sistema carbenoide.

Principalmente, se analizaron tres metales del grupo IB: cobre, plata y oro, mante-

niendo constante el resto de la estructura del carbenoide original (ver Figura 8.1).
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Figura 8.1: Reacción de inserción del carbenoide en el enlace O-H (R1-OH). M:
Cu, Ag, Au.

La Figura 8.2 (a) muestra el perfil de enerǵıa potencial para las reacciones R1-

OH-Cu y R1-OH-Ag (R1-OH-Au no presenta reactividad hacia la inserción del

carbenoide en el enlace O-H). Los resultados mostrados en la figura indican que cuan-

do se modifica el metal de cobre a plata, la barrera de enerǵıa disminuye de 20.2 a

14.5 kcal/mol, haciendo más favorable cinéticamente la reacción. Por otro lado, la

enerǵıa de reacción disminuye de -39.8 a -47.1 kcal/mol señalando que la reacción

R1-OH-Ag corresponde a una reacción más exotérmica, mientras que, si modifi-

camos el metal de cobre a oro, la reacción no ocurre por el mecanismo concertado

propuesto. Esta tendencia está directamente relacionada con la electrofilia local del

carbono C* (ver Figura 8.2 (b)), donde el carbenoide de Ag presenta una electrofilia

local C* de 5.50 eV, mientras que el carbenoide de Cu de 5.09 eV y, por último el

carbenoide de oro presenta una electrofilia de 1.99 eV. A partir de estos resultados,

se encontró que el carbono C* del carbenoide de oro (R1-OH-Au) pierde carácter

electrof́ılico en gran medida, de tal forma que la reacción no presenta las condiciones

necesarias para llevarse a cabo; ya que la naturaleza electrof́ılica del C* corresponde

a una condición fundamental para que el carbenoide se inserte en el enlace O-H.
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Figura 8.2: (a) Perfil de enerǵıa potencial con respecto a ⇠. (b) Gráfico de barras
para la electrofilia local (!C⇤) del carbono C* para cada carbenoide estudiado. M: Cu,
Ag, Au. Los valores de enerǵıa se encuentran en kcal/mol, mientras que la electrofilia
local en eV.

Por otro lado, se realizó un análisis de interacción donor-aceptor a partir de los orbita-

les de enlace natural (NBO) con la finalidad de analizar el mayor carácter electrof́ılico

del carbono C* en el complejo carbenoide de plata. La Figura 8.3 y Tabla 8.1 mues-

tran la interacción orbitalaria correspondiente a la retrodonación ⇡ del enlace M - C*,

donde el orbital donor corresponde al orbital dxy del metal, mientras que el orbital

aceptor corresponde al orbital py del C*. En la Figura 8.3 se observa que a medida

que existe un mayor solapamiento del orbital dxy con el orbital py, la interacción se

vuelve más estable (ver Tabla 8.1), de tal forma que el carbenoide de plata presenta

un menor solapamiento de los orbitales, lo que implica una menor retrodonación ⇡

(9.14 kcal/mol) y, por ende, un carbono central C* deficiente en electrones con un

carácter más electrof́ılico que el carbenoide de Cu y Au.
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Figura 8.3: Orbitales de enlace natural (NBOs) asociados a la interacción donor-
aceptor del enlace M-C* (M: Cu, Ag, Au). El color azul y rojo representan las dife-
rentes fases existentes en los orbitales naturales.

Por otro lado, el carbenoide de oro presenta una retrodonación ⇡ con una enerǵıa de

estabilización de 60.3 kcal/mol y un mayor solapamiento de los orbitales, llevando

al carbono central a tener menor carácter electrof́ılico. El mayor solapamiento de los

orbitales en el carbenoide de oro implica un enlace C*-Au más fuerte que C*-Cu y

C*-Ag, presentando distancias de enlace de 1.90 Å, 1.96 Å y 2.23 Å, respectivamente.

Por esta razón, la mayor retrodonación ⇡ es la responsable que se impida el proceso

de inserción, ya que el átomo de oro comienza a competir con el C* en la abstrac-

ción del protón, tomando lugar la reacción en el metal y, por lo tanto, posiblemente

siguiendo otro mecanismo de reacción.

Tabla 8.1: Enerǵıa de estabilización (Eest) correspondiente a la interacción orbitala-
ria donor-aceptor del enlace M-C*. Los valores de enerǵıas se encuentran en kcal/mol.

Carbenoide Orbital donor (M) Orbital aceptor (C*) Eest (kcal/mol)
Cu dxy py 18.8
Ag dxy py 9.14
Au dxy py 60.3
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Efecto del sustituyente en la reactividad del carbenoide

Es conocido que los grupos sustituyentes del carbono carbenoide juegan un rol clave

tanto en la estabilidad, como en la naturaleza electrof́ılica del carbono central C*.

Estudios experimentales [2, 19, 29] han demostrado que la combinación tanto de un

grupo dador junto con un atractor llevan a mejores resultados en rendimiento y se-

lectividad, que la combinación de un grupo atractor/atractor o donor/donor. Esto se

debe a que, el grupo atractor de electrones incrementa la electrofilia y reactividad del

sistema qúımico, mientras que el grupo donor de electrones incrementa la selectivi-

dad y estabilidad del sistema evitando reacciones laterales competitivas, como lo son

las reacciones de ciclopropanación o dimerización [30, 31]. A partir de estos estudios

experimentales, se analizará el efecto del cambio del sustituyente tanto del grupo

donor como del atractor de electrones, manteniendo constante el resto del carbenoide

original.

Figura 8.4: Reacción de inserción del carbenoide en el enlace O-H (R1-OH), modi-
ficando el sustituyente donor de electrones (R1) del carbenoide y manteniendo cons-
tante el grupo atractor de electrones (R2: C3H5O2).
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En una primera instancia se analizará el efecto energético que tiene la variación del

grupo dador de electrones (R1) en la reacción R1-OH, donde se estudiaron cuatro

grupos dadores de electrones, los cuales son mostrados en la Figura 8.4. Los resultados

energéticos mostrados en la Tabla 8.2 y Figura 8.5 indican que el grupo fenilo es el

grupo dador que tiene un mejor comportamiento respecto a R1-OH, disminuyendo

la barrera de enerǵıa en 2.4 kcal/mol, mientras que los grupos etilo y vinilo aumen-

tan la barrera en 1.1 y 7.2 kcal/mol, respectivamente. Adicionalmente, la reacción se

vuelve más favorable a medida que disminuye la enerǵıa de activación.

Tabla 8.2: Enerǵıa de activación �E 6=, enerǵıa de reacción �E�, enerǵıa de in-
teracción del complejo reactante �ERC , electrofilia global ! del carbenoide aislado,
electrofilia local del C* !C⇤ en el carbenoide aislado, electrofilia global en la estruc-
tura del complejo reactante !-RC y la electrofilia local del C* en la estructura del
complejo reactante !C⇤-RC para la reacción R1-OH modificando el sustituyente do-
nor del carbenoide de Cu. El * del grupo CH3 representa el grupo dador de electrones
elegido inicialmente para tratar la reacción. Los valores de enerǵıas se encuentran en
kcal/mol, mientras que la electrofilia en eV.

R1 �E 6= �E� �ERC ! !C⇤ !-RC !C⇤-RC
Ph 17.8 -48.4 -8.70 12.2 5.25 12.4 2.34

*CH3 20.2 -39.8 -20.3 10.4 5.09 5.60 0.65
CH2CH3 21.3 -31.3 -21.2 10.3 5.03 5.56 0.60
CH=CH2 27.4 -15.4 -21.9 12.7 6.98 5.50 0.52

Para entender los cambios en la barrera energética de la reacción, estudiamos propie-

dades globales y locales de los sistemas de interés, para ello calculamos la electrofilia

global (!) y la electrofilia local del carbono central (!C⇤) del carbenoide sin inter-

actuar con el sustrato (ver Tabla 8.2), donde los resultados indican que existe una

correlación entre la disminución de la enerǵıa de activación y el aumento de las elec-

trofilias ! y !C⇤ para los grupos Ph, CH3 y CH3CH2, presentándose electrofilias

locales de 5.25, 5.09 y 5.03 eV, respectivamente. Sin embargo, el grupo vinilo no pre-

senta el mismo comportamiento energético, aun aśı cuando los grupos Ph y CH=CH2
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comparten un efecto resonante similar (donor), ya que ambos son grupos dadores por

resonancia mediante los electrones ⇡ del sistema. A partir de estos resultados, se deci-

dió calcular las mismas propiedades que en el estudio anterior (carbenoide y sustrato

sin interacción), pero en la geometŕıa del complejo reactante RC (interacción con

el sustrato), encontrándose que en la geometŕıa RC existe una relación importante

entre �E6= y las electrofilias !-RC y !C⇤-RC, lo que implica que el vinilo pierde en

gran medida el carácter electrof́ılico del carbono C* en la estructura del complejo

reactante (RC). Esta pérdida de electrofilia viene dada por el efecto electrónico del

grupo vinilo, donde los orbitales ⇡ del doble enlace se encuentran alineados y conju-

gados con los orbitales ⇡ del grupo atractor de electrones (formiato de etilo).
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Figura 8.5: (a) Perfil de enerǵıa potencial para la reacción R1-OH, variando el
grupo dador de electrones (R1) y manteniendo constante el R2 (formiato de etilo).
(b) Gráfico del producto entre la enerǵıa de interacción del complejo reactante y la
electrofilia local del C* (�ERC x !C⇤) vs. la enerǵıa de activación (�E6=), (c) Gráfico
de enerǵıa de interacción del complejo reactivo (�ERC) vs. la distancia de enlace
C*–O del complejo reactante. Los valores de enerǵıa se encuentran en kcal/mol y la
electrofilia local está en eV.

Por otra parte, en la Tabla 8.2 se encontró una tendencia importante entre la enerǵıa

del interacción del complejo rectante (�ERC) y la enerǵıa de activación (�E6=), donde

un aumento de la estabilidad, implica un aumento de enerǵıa de activación, de tal

modo, que la barrera de enerǵıa se encuentra dominada por dos factores igualmente

importantes, tales como la estabilización del complejo reactante y la electrofilia local

de C*. De esta forma, se graficó el producto entre �ERC y !C⇤-RC vs. la enerǵıa de

activación, donde los resultados mostraron una relación lineal entre ambos factores
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(ver Figura 8.5 (b)).

Adicionalmente, se estudió el origen de la estabilización del complejo reactante, don-

de se encontró una buena correlación entre la distancia del enlace (o interacción en

algunos casos) de C*- O y la estabilidad de la geometŕıa del complejo reactante RC

(ver Figura 8.5 (c)), de tal modo, que un aumento en la distancia de C*-O conduce

a un aumento de �ERC y, por ende una pérdida de estabilidad.

Un efecto importante que puede influir en este tipo de reacciones es el efecto atrac-

tor de electrones del grupo R2 manteniendo sin modificación R1: CH3, para ello se

estudiaron seis sustituyentes, los cuales se muestran en la Figura 8.6.

Figura 8.6: Reacción de inserción del carbenoide sobre el enlace O-H (R1-OH),
modificando el sustituyente atractor de electrones (R2) del carbenoide de cobre, man-
teniendo el grupo donor de electrones (R1: CH3) constante.

Los resultados energéticos mostrados en la Tabla 8.3 y Figura 8.7 (a) señalan que

el grupo amida presenta la menor barrera de enerǵıa, disminuyendo en 6.1 kcal/mol

con respecto a R1-OH. Para el resto de los casos, no existe un efecto energético

importante hacia la disminución de la barrera de enerǵıa.
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Por otro lado, a diferencia de la variación del grupo donor de electrones, en este caso

no existe una relación clara entre la enerǵıa de activación y la electrofilia (global y

local) del sistema (ver Tabla 8.3), siendo la estabilización del complejo reactante la

que determina las diferencias observadas en la barrera de enerǵıa, dado que existe una

correlación entre la enerǵıa de activación y la distancia del enlace C*-O (ver Figura

8.7 (b)).

Tabla 8.3: Enerǵıa de activación �E 6= y enerǵıa de reacción �E� para la reacción
R1-OHmodificando los sustituyentes atractores del carbenoide de Cu. El * del grupo
C3H5O2 representa el grupo atractor de electrones elegido inicialmente para tratar la
reacción. Los valores de enerǵıas se encuentran en kcal/mol.

R2 �E 6= �E�
! !C⇤ !-RC !C⇤-RC

CONH2 14.1 -53.6 9.92 4.30 5.92 0.15
CHO 18.9 -49.5 11.3 5.09 6.07 0.44
CF3 19.0 -45.5 11.7 5.03 5.93 0.06

*COOCH2CH3 20.2 -39.8 10.4 5.09 5.49 0.65
COCH3 23.3 -21.2 10.5 5.20 5.91 0.19
COCl 30.3 -34.9 12.4 4.70 5.83 0.67

Figura 8.7: (a) Perfil de enerǵıa potencial para la reacción R1-OH, variando el
grupo atractor de electrones (R2) y manteniendo constante el R1 (metilo). (b) Gráfico
de la distancia de enlace C*-O del complejo reactante vs. la enerǵıa de activación
(�E 6=). Los valores de enerǵıa se encuentran en kcal/mol.
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En resumen, los resultados de esta sección, correspondientes a la modificación es-

tructural del carbenoide, señalan que los cambios del metal y del sustituyente en el

carbenoide pueden llevar a resultados cinéticamente favorables. De tal modo, se me-

jora la cinética del proceso de inserción cuando cambiamos el metal del carbenoide de

cobre a plata, debido a la baja retrodonación ⇡ que presenta el carbenoide de plata,

llevando a un C* más electrof́ılico. Por otro lado, dentro de los sustituyentes donores

del carbenoide, el grupo fenilo disminuye en 2.4 kcal/mol la enerǵıa de activación

respecto a R1-OH (reacción utilizada como modelo de comparación, R1:CH3) me-

jorando de este modo el proceso de inserción, lo cual es producto tanto de la menor

estabilización del complejo reactante, como de la mayor electrofilia que presenta el

carbono C*. Mientras que dentro del set de los grupos atractores de electrones, la

amida mostró ser la mejor candidata con respecto a la cinética de la reacción, debido

a la menor estabilización que presenta la estructura del complejo reactante.

8.2. Modificación en la estructura del sustrato

Estudio de efecto del sustituyente en la reactividad del sustrato

En esta sección nos centraremos en estudiar el efecto energético que tiene en la enerǵıa

de activación la modificación estructural del sustrato fenólico. Principalmente, porque

el cambio en la reactividad del fenol corresponde a un análisis interesante dentro

del estudio de la reacción de inserción del carbenoide en el enlace O-H, ya que los

cambios en la densidad electrónica del heteroátomo llevan a efectos importantes en

la cinética de la reacción. Por lo que, en esta sección se realizará un análisis del

efecto que tiene el cambio del sustituyente en el anillo del fenol desde un punto de

vista energético, sustituyendo el anillo aromático en las posiciones orto, meta y para
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respecto al OH. Para ello, se estudió un set de sustituyentes para cada posición, los

cuales son mostrados en la Figura 8.8.

Figura 8.8: Reacción de inserción del carbenoide en el enlace O-H (R1-OH). R
corresponde al sustituyente en estudio para cada posición (para, meta y orto).

La Figura 8.9 (a) muestra el efecto en la enerǵıa de activación del sustituyente en

posición para, donde los sustituyentes estudiados corresponden principalmente a gru-

pos atractores de electrones (EWG, Electron Withdrawing Group), exceptuando al

grupo metoxilo que corresponde a un grupo donor de electrones por efecto mesoméri-

co (EDG, Electron Donating Group) y EWG por efecto inductivo. Los resultados

energéticos indican que al sustituir el fenol, la reacción de inserción toma valores de

enerǵıa de activación más bajos que el fenol sin sustituir, disminuyendo aśı la enerǵıa

del paso elemental entre 7.52 a 6.18 kcal/mol, además la disminución de la barrera

de enerǵıa lleva consigo un aumento proporcional en la exotermicidad de la reacción

(ver Tabla 8.4). Adicionalmente, se estudió el efecto del sustituyente en los trabajos

de reacción, donde los resultados son mostrados en la Tabla 8.4, los cuales señalan

que el sustituyente ejerce un efecto electrónico importante en la barrera de enerǵıa,

de tal forma que el aumento en W2 se traduce en un aumento en la barrera de enerǵıa.
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Figura 8.9: (a) Perfil de enerǵıa potencial respecto a ⇠, modificando el sustituyente
en posición para. (b) Gráfico de pKa del protón H del fenol sustituido en para vs. la
enerǵıa de activación (�E 6=). (c) Gráfico de la distancia de enlace C*-O del complejo
reactante vs. la enerǵıa de activación (�E6=) R1: CH3, R2: C3H5O2. Todos los valores
de enerǵıa se encuentran en kcal/mol.

El aumento del efecto electrónico al sustituir el fenol en la posición para fue estudia-

do tanto desde el punto de vista del cambio de acidez que presenta el protón que se

transfiere, como también en la estabilidad que presenta el complejo reactante (RCO)

en cada reacción. El análisis de la acidez del protón que participa del paso elemental

de la reacción, fue estudiado mediante el cálculo del pKa de los sustratos sustituidos

(ver Figura 8.9 (b)), donde los resultados indican que existe una relación lineal entre

pKa y la enerǵıa de activación. De tal forma, que un aumento del pKa, el cual se re-
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laciona con la disminución de la acidez del protón, implica un aumento de la barrera

de enerǵıa.

Tabla 8.4: Enerǵıa de activación �E 6=, enerǵıa de reacción �E�, porcentaje de los
trabajos de reacción W1 y W2 para la reacción R1-OH modificando el sustituyente
en la posición para al OH del fenol. Los valores de enerǵıas se encuentran en kcal/mol.

Sustituyente en para �E 6= �E� W1 W2

H 20.2 -39.8 80% 20%
NO2 12.7 -53.8 71% 29%
CN 12.9 -53.4 66% 34%
CF3 13.0 -52.7 67% 33%
Br 13.3 -51.3 67% 33%
Cl 13.4 -51.2 67% 33%

CH3O 14.0 -48.6 68% 32%

Por otra parte, la estabilidad de complejo reactante también juega un rol importan-

te en la barrera de enerǵıa, donde la Figura 8.9 (c) muestra la relación lineal que

existe entre la distancia de enlace C*- O y la enerǵıa de activación. De tal manera,

que mientras la distancia de enlace C*-O es más corta se traduce en un enlace más

fuerte, correspondiente a un proceso que libera una mayor cantidad de enerǵıa. Esta

mayor enerǵıa liberada al formar el complejo reactante trae consigo un aumento en

la barrera de enerǵıa. Por lo tanto, mientras mayor estabilidad presenta el complejo

reactante, mayor es la enerǵıa de activación requerida para transformar las especies

qúımicas en productos.
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Figura 8.10: (a) Perfil de enerǵıa potencial respecto a ⇠, modificando el sustituyente
en posición meta. (b) Gráfico de pKa del protón H del fenol sustituido en meta
vs. la enerǵıa de activación (�E6=). (c) Gráfico de distancia de enlace C*-O del
complejo reactante vs. la enerǵıa de activación (�E 6=). Todos los valores de enerǵıa
se encuentran en kcal/mol.

Por otro lado, también se hace interesante estudiar el comportamiento presente en

las posiciones meta y orto. Para la posición meta se utilizaron cuatro sustituyentes

entre ellos dos grupos EWG: CN, CF3 y, dos grupos EDG: CH3, OCH3 (EWG por

efecto inductivo). Los resultados energéticos mostrados en la Figura 8.10 (a) y Tabla

8.5 indican que el grupo atractor ciano presenta la menor barrera de enerǵıa, con una

enerǵıa de activación de 12.9 kcal/mol, mientras que el grupo trifluorometilo, meto-

xilo y metilo presentan barreras de enerǵıa cercanas entre ellas pero más altas que

la reacción de referencia (R: H, �E6= = 20.2 kcal/mol), con enerǵıas de 21.6, 22.7 y
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23.0 kcal/mol, respectivamente. Adicionalmente, los trabajos de reacción mostrados

en la Tabla 8.5 señalan que el aumento de la barrera tiene una relación inversa con el

aumento del trabajo W2, de tal modo, que un aumento en este trabajo implica una

disminución de la barrera de enerǵıa, siendo el grupo ciano el que posee mayor W2 y

una menor barrera de enerǵıa.

El comportamiento del trabajo W2 se comparó con el análisis del pKa de los sustratos

y la estabilidad del complejo reactante. Los resultados mostrados en la Figuras 8.10

(b) y (c) indican que en el caso del efecto en la posición meta, existe nuevamente una

relación lineal de la enerǵıa de activación con el pKa y la distancia de enlace C*-O.

Por lo que, el aumento de la enerǵıa de activación se debe tanto a la disminución

de la acidez del protón, como a la mayor estabilidad presente en la estructura del

complejo reactante.

Tabla 8.5: Enerǵıa de activación �E 6=, enerǵıa de reacción �E�, porcentaje de los
trabajos de reacción W1 y W2 para la reacción R1-OH modificando el sustituyente
en la posición meta al OH del fenol. Los valores de enerǵıas se encuentran en kcal/mol.

Sustituyente en meta �E 6= �E� W1 W2

H 20.2 -39.8 80% 20%
CN 12.9 -51.5 67% 33%
CF3 21.6 -38.8 80% 20%
OCH3 22.7 -35.9 80% 20%
CH3 23.0 -35.4 80% 20%

Dentro del análisis del efecto en la posición meta, es importante mencionar que en

esta posición prima principalmente el efecto inductivo. Ya que el efecto mesómerico

en posición meta se reduce en gran medida y tiene una baja contribución al efecto

que tiene el sustituyente en la barrera de enerǵıa. Adicionalmente, el poder del efecto

inductivo dentro de los sustituyentes correlaciona adecuadamente con los resultados

obtenidos, donde el grupo ciano presenta un efecto inductivo atractor (-I), priman-

90



EFECTO DEL CAMBIO ESTRUCTURAL SOBRE EL CARBENOIDE Y
SUSTRATO

do un efecto inductivo ⇡ (I⇡). Mientras que, el grupo trifluorometilo y el metoxilo

también tienen un efecto inductivo atractor, pero un efecto inductivo � (I�) que se

desvanece rápidamente y, sólo es significativo a cortas distancias. Por último, el grupo

metilo, el cual presenta la mayor barrera, corresponde a un grupo dador por efecto

inductivo mediante enlace sigma (I�).

Es importante notar, que las variaciones de la enerǵıa de activación para las posi-

ciones para y meta no necesariamente pueden ser explicadas aislando las variables

pKa y la estabilidad del complejo reactante, ya que la enerǵıa de activación depende

simultáneamente de ambas variables. Sin embargo, en la posición orto el comporta-

miento de la barrera de enerǵıa está sujeta a la compensación de ambos efectos.

Tabla 8.6: Enerǵıa de activación �E 6=, enerǵıa de reacción �E�, porcentaje de los
trabajos de reacción W1 y W2 para la reacción R1-OH modificando el sustituyente
en la posición orto al OH del fenol. Los valores de enerǵıas se encuentran en kcal/mol.

Sustituyente en orto �E 6= �E� W1 W2

H 20.2 -39.8 80% 20%
CF3 12.6 -53.5 71% 29%
CN 13.5 -51.3 69% 21%
CH3 14.2 -48.9 67% 33%
Ph 14.2 -47.3 67% 33%

OCH3 24.0 -43.8 71% 29%

La Tabla 8.6 y Figura 8.11 muestran los resultados obtenidos para la posición orto,

donde se estudiaron cinco sustituyentes dos de ellos EWG: CF3, CN y tres EDG:

CH3, Ph y OCH3 (siendo Ph y OCH3 también EWG por efecto inductivo). Los resul-

tados indican que no existe una relación directa entre la enerǵıa de activación con los

trabajos de reacción. Mientras que se encontró una pobre tendencia entre la enerǵıa

de activación tanto con el pKa del fenol sustituido, como con la estabilidad del com-

plejo reactante. Sin embargo, excluyendo al grupo ciano la correlación mejora en el
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gráfico de �E 6= vs. la distancia C*-O, y no aśı en el gráfico de pKa, ya que el pKa

es más sensible a efectos inductivos, resonantes y estéricos que se originan en esta

posición, por lo que, la tendencia en la barrera de enerǵıa indica, que a mayor estabili-

dad del complejo reactante mayor es la enerǵıa de activación que presenta la reacción.

Adicionalmente, los resultados señalan que grupo ciano presenta un comportamiento

diferente al resto, ya que al tener un menor valor de pKa y una distancia más larga

de C*–O se esperaŕıa que este sustituyente tuviese la menor barrera de enerǵıa; sin

embargo, el grupo fluorometil presenta la menor barrera, por esta razón, es necesario

comparar los grupos CN y CF3 con respecto a sus propiedades electrónicas y estruc-

turales que existen en la geometŕıa del complejo reactante y del estado de transición,

debido a que se puede extraer una mayor información respecto al comportamiento de

estos sustituyentes.

La Figura 8.12 muestra las distancias de enlace C*-H, C*-O y O-H, las cargas atómi-

cas de los átomos de interés (C*, O, H) y la densidad de electrones presente en el anillo

aromático del fenol sustituido por CN y CF3. Los resultados señalan que el grupo

ciano tiene un efecto inductivo más fuerte que el CF3, retirando 0.52 |e| de densidad

electrónica del anillo, mientras que el CF3 sólo retira 0.03 |e| respecto a la estructura

del complejo reactante sin sustitúır. Esta menor densidad de electrones en el anillo en

RC-CN hace que en esta geometŕıa el protón tenga una menor acidez (qH : 0.38 |e|

vs. 0.43 |e|). Además, se calculó la enerǵıa del complejo van der Waals (�ERC) para

RC-CN y RC-CF3 y los resultados señalaron que RC-CN corresponde a un siste-

ma más estable que RC-CF3 (�ERC : -12.2 kcal/mol vs. 11.7 kcal/mol), esta mayor

estabilidad tiene también su origen en la menor densidad de electrones que presenta
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el anillo aromático, la que permite de mejor manera la conjugación del par de elec-

trones no enlazantes del ox́ıgeno del fenol en el anillo aromático, justificando de este

modo el comportamiento del grupo CN en la posición orto al OH del sustrato fenólico.

Figura 8.11: (a) Perfil de enerǵıa potencial respecto a ⇠, modificando el sustituyente
en posición orto. (b) Gráfico de pKa del protón H del fenol sustituido en orto vs. la
enerǵıa de activación (�E6=). (c) Gráfico de distancia de enlace C*-O del complejo
reactante vs. la enerǵıa de activación (�E6=). Los datos estad́ısticos de la regresión
lineal con asterisco (*) corresponden a los valores sin considerar el grupo ciano. Todos
los valores de enerǵıa se encuentran en kcal/mol.
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Figura 8.12: Geometŕıa del complejo reactante para el fenol sustituido en orto con
los grupos CN y CF3, las flechas de color rojo representan la carga del anillo aromático
del fenol sustituido, las de color azul la carga atómica de los átomos C*, O y H y las
de color negro las distancias de enlaces participantes de la transferencia protónica.

En resumen, los resultados correspondientes a la modificación de la estructura del

sustrato, indican que la variación de la acidez del protón transferido, junto con la

estabilidad del complejo reactante, son puntos importantes para entender el efecto

energético que contempla el cambio de sustituyente en el anillo aromático en las po-

siciones orto, meta y para al OH del fenol. De tal modo, el aumento de la velocidad

de la reacción en la posición para se presentó en todos los casos cuando se susti-

tuyó con grupos atractores de electrones, disminuyendo de este modo la barrera de

enerǵıa entre 6.2 a 7.5 kcal/mol aproximadamente con respecto a R1-OH (reacción

sin sustituir). Esto se debe tanto a la menor estabilidad del complejo reactante, co-

mo al aumento en la acidez del protón que participa de la transferencia protónica,

la cual conlleva la salida del complejo de cobre y corresponde al paso elemental del

mecanismo de reacción estudiado. Con respecto al efecto energético en la posición

meta, los resultados no fueron tan favorables como en la posición para, sin embargo,

el grupo ciano mostró ser el mejor candidato, disminuyendo la barrera de enerǵıa en

7.3 kcal/mol respecto a R1-OH, producto del mayor efecto inductivo que presenta,
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el que se relaciona con la mayor acidez del protón y la menor estabilidad del complejo

reactante. Finalmente, el efecto energético en la posición orto, presentó un comporta-

miento favorable en la cinética de la reacción, disminuyendo la enerǵıa de activación

en todos los sustituyentes estudiados (a excepción del grupo metoxilo) entre 6.0 a 7.6

kcal/mol aproximadamente, producto de la menor estabilidad del complejo reactante.

De este modo, en resumen del caṕıtulo, el estudio sistemático en los cambios es-

tructurales realizados en ambos reactantes indican que la modificación del sustrato

tiene un mayor efecto en la cinética de la reacción que la modificación estructural del

carbenoide, ya que el cambio en la reactividad del sustrato disminuye la enerǵıa de

activación en la mayoŕıa de los casos (principalmente en las posiciones orto y para)

en aproximadamente entre 6.0 a 7.6 kcal/mol en relación a la reacción R1-OH.
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Se validó el nivel de teoŕıa a utilizar para el estudio de la reacción de inserción del

carbenoide de cobre en los enlaces X-H, encontrándose que el funcional M06-2X, con

el conjunto de funciones base cc-pVDZ, proporciona valores más cercanos a aquellos

obtenidos con el método de referencia (DLPNO-CCSD(T)/cc-pVTZ).

Los antecedentes mostrados en el primer caṕıtulo indican que el carbono carbenoide

posee caracteŕısticas electrof́ılicas debido a la alta donación � al metal y pobre retro-

donación ⇡ desde el metal al carbono carbenoide, tal como fue señalado con el análisis

donor-aceptor del método NBO, adquiriendo una carga de +0.03 |e|. Por su parte,

los sustratos anilina y fenol, poseen una carga de -0.18 |e| y -0.19 |e| en el nitrógeno y

ox́ıgeno, respectivamente, indicando una mayor densidad de electrones en el átomo de

ox́ıgeno del sustrato fenólico. Además, la carga del hidrógeno unido al heteroátomo

es de +0.11 |e| y +0.17 |e| para anilina y fenol, respectivamente, por lo que el protón

del fenol tiene un carácter más ácido, lo que favoreceŕıa una transferencia protónica

desde aquel sustrato, más que desde la anilina. De esta manera, se logró caracterizar

la reactividad intŕınseca del complejo carbenoide y de ambos sustratos.

Desde un punto de vista mecańıstico, se encontró que la reacción de inserción del

carbenoide de cobre en los enlaces X-H puede llevarse a cabo siguiendo un mecanis-
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mo concertado o un mecanismo en etapas. El mecanismo concertado presentó tres

procesos qúımicos importantes: el primero, un proceso sin barrera de enerǵıa, el se-

gundo, el paso elemental de la reacción y, el último correspondiente al estudio de las

interacciones no covalentes entre los productos de reacción.

Para cada inserción en el mecanismo concertado (R1-NH y R1-OH) dos proce-

sos sin barrera son encontrados, llevando a la formación de dos diferentes complejos

reactivos (RCX), donde cada uno de ellos origina un isómero óptico espećıfico. Un

acercamiento frontal del sustrato al carbenoide conduce la reacción hacia un isómero

S, mientras que un acercamiento posterior hacia la del isómero R. El análisis de la

enerǵıa de interacción del complejo reactante (�ERC) junto con su descomposición

mediante el método ASM y EDA, indicaron que el complejo reactante RCX,R es 13.3

kcal/mol más estable que RCX,S en R1-NH y 9.70 kcal/mol más estable en R1-

OH, lo que es producto del incremento en la enerǵıa desestabilizadora �Edist y el

aumento en la enerǵıa de repulsión de Pauli en las estructuras RCX,S, utilizando una

alta enerǵıa en la deformación geométrica, y por ende resultando en la formación de

especies más reactivas.

El paso elemental del mecanismo concertado, corresponde tanto a la transferencia

protónica desde el heteroátomo al carbono central C*, junto con la salida del com-

plejo de cobre (CuL). Las enerǵıas de activación para R1-NH corresponden a 39.2

(R) y 47.5 kcal/mol (S), mientras que para R1-OH de 20.0 (R) y 33.8 kcal/mol (S).

La enatioselectividad está favorecida cinéticamente hacia la formación del isómero R,

producto del mayor número de interacciones van der Waals repulsivas presentes entre

el fenilo de PhBOX y el sustrato en las estructuras TSX,S.
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A partir del análisis de los modelos de F(⇠) y el ASM en el paso elemental del me-

canismo concertado (orientación posterior), los resultados indicaron que la mayor

contribución al trabajo W1 corresponde a una repulsión estérica entre el grupo fenilo

del ligando y el sustrato, mientras que W2 se encuentra dominado principalmente por

una distorsión geométrica del sustrato. Los análisis en R1-OH demostraron que la

región de reactantes es dominada por una enerǵıa de interacción positiva asociada

a la enerǵıa de repulsión de Pauli, la que es acompañada de una alta estabilización

asociada a la enerǵıa de distorsión, teniendo esta última una mayor contribución de

la deformación del carbenoide, lo que resulta en una menor enerǵıa de activación pa-

ra R1-OH. La termodinámica de este paso elemental, indica que ambas reacciones

son favorables; sin embargo, R1-OH indicó ser más exotérmica debido a un par de

electrones libres del átomo de ox́ıgeno, el cual se encuentra perpendicular al plano

del ciclo aromático, siendo de esta forma capaz de interactuar con los electrones de

los enlaces ⇡ del benceno.

Los resultados del último paso del mecanismo concertado, correspondiente a la rup-

tura de las interacciones no covalentes entre el complejo de cobre y el producto de

inserción, señalaron que en las estructuras PCX,R y PCX,S se deben romper distintos

tipos de interacciones no covalentes. Para PCX,R corresponden a la interacción entre

el átomo de ox́ıgeno del grupo carbonilo (formiato de etilo) y el cobre, mientras que

para PCX,S corresponden a la interacción entre el átomo de cobre y los enlaces dobles

provenientes del anillo aromático del sustrato.

El mecanismo en etapas, resultó tener cuatro pasos importantes, siendo dos de ellos
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pasos elementales. La principal caracteŕıstica de este mecanismo corresponde a la

participación del sustituyente atractor del carbenoide en la reacción. Donde el paso

elemental, correspondiente a la transferencia protónica desde el grupo atractor de

electrones al carbono central C*, resultó ser el paso determinante. Este paso deter-

minante origina dos enantiómeros, donde el enantiómero R se produce a partir de la

transferencia protónica sobre el plano, mientras que la transferencia protónica por

debajo del plano origina el isómero S. Los resultados indicaron que la formación del

enantiómero R es favorecido cinéticamente, donde el ligando PhBOX juega un rol

importante mediante efectos estéricos. La reacción que toma lugar sobre el plano

presentó enerǵıas de 37.2 y 34.5 kcal/mol para R2-NH y R2-OH, respectivamente,

donde la diferencia en enerǵıa entre ambas reacciones corresponde a la naturaleza

electrónica del átomo donor del protón.

De esta manera, se logró una completa caracterización de ambos mecanismos, en-

contrándose que la barrera de enerǵıa de la etapa determinante en el mecanismo en

etapas (R2-OH) resultó ser mayor que las enerǵıas del paso elemental del mecanismo

concertado (R1-OH), por cual se favorece el mecanismo concertado por sobre el de

etapas, desde un punto de vista cinético y termodinámico. Mientras que R2-NH a

pesar de tener 2 kcal/mol más favorable en enerǵıa de activación que R1-NH, no

favorece en gran medida la cinética de la reacción. Por lo cual, el carbenoide de cobre

utilizado no seŕıa un carbenoide eficiente para llevar a cabo la reacción de inserción

sobre el enlace N-H.

Se logró determinar el efecto de la modificación estructural de los reactantes estu-

diados (carbenoide y fenol). Donde el efecto del metal en el carbenoide en R1-OH,
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indicó que el C* del carbenoide de plata tiene un mayor carácter electrof́ılico que el

C* del carbenoide de cobre, debido al menor solapamiento de orbitales py y dxy que

conducen a una menor retrodonación ⇡ en el enlace Ag-C* generando una disminu-

ción de la barrera de enerǵıa. El efecto del cambio del sustituyente en el carbenoide,

indica que el grupo fenilo como donor de electrones disminuye la barrera de enerǵıa,

producto del aumento de electrofilia local del C* junto con la menor estabilización de

la geometŕıa RC, mientras que el sustituyente amida como grupo atractor presenta

la menor enerǵıa de activación gracias a la menor estabilización de la geometŕıa del

complejo reactante. Por otra parte, el estudio del efecto del sustituyente en el sustra-

to en R1-OH, indica que el mayor efecto en la reducción de la altura de la barrera

de enerǵıa, ocurre cuando se sustituye el anillo del fenol en posición para y meta al

OH utilizando grupos atractores de electrones, producto del aumento de acidez del

protón transferido en el paso elemental, y la menor estabilización de la geometŕıa del

complejo reactante.
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Apéndice A

Estudio del rendimiento de los

funcionales de la densidad

utilizados

Se realizó un estudio del rendimiento de un set de cuatro funcionales DFT para

validar la metodoloǵıa a utilizar. Entre los funcionales analizados dos de ellos co-

rresponden a funcionales h́ıbridos GGA: B3LYP y PBE0, uno h́ıbrido meta-GGA

M06-2X, y por último uno h́ıbrido GGA incluyendo correcciones de largo alcance

!B97X-D3. Utilizando en todos los casos un conjunto de funciones base estándar del

tipo TZP (triple zeta) cc-pVTZ . Los 4 funcionales fueron confrontados con el méto-

do DLPNO-CCSD(T) (del inglés, Domain-based Local Pair-Natural Orbital- Coupled

Cluster Singles, Doubles and perturbatives triples excitations ), utilizando el Progra-

ma Orca 4.0.0.2

Los resultados mostrados en la Tablas A.1 y A.2, indican que el funcional M06-2X es

aquel funcional más comparable con el método de alta precisión DLPNO-CCSD(T),
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tanto en la enerǵıa de activación como en la de reacción. Adicionalmente, el funcional

M06-2X proporciona cálculos de bajo costo computacional.

Tabla A.1: Enerǵıas de activación (�E6=) y enerǵıa de reacción (�E�) para la reac-
ción de inserción del carbenoide de Cu en el enlace O-H (R1-OH), obtenidas con las
cuatro metodoloǵıas diferentes. Todos los valores están en kcal/mol.

Reacción R1-OH
Metodoloǵıa �E 6= �E�

B3LYP/cc-pVTZ 16.51 -34.83
PBE0/cc-pVTZ 16.24 -34.92
M06-2X/cc-pVTZ 19.94 -39.89
!B97XD-D3 17.56 -36.90
DLPNO-CCSD(T) cc-pVTZ // M06-2X/cc-pVTZ 19. 12 -37.40

Tabla A.2: Tiempo de cómputo para el cálculo de enerǵıa y frecuencias vibracionales
en la geometŕıa del estado de transición, para los tres metodoloǵıas utilizadas. El
tiempo de cómputo presentado corresponde al tiempo obtenido con 1 procesador.

Reacción R1-OH
Metodoloǵıa Tiempo de Cómputo
B3LYP/cc-pVTZ 27 h 48 m
PBE0/cc-pVTZ 28 h 52 m
M06-2X/cc-pVTZ 52 h 55 m
!B97XD-D3/ cc-pVTZ 30 h 35 m
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Apéndice B

Aspectos Teóricos

El primer postulado de la mecánica cuántica señala que un sistema microscópico está

completamente caracterizado por una función de onda  [100] que contiene toda la

información que es posible conocer de dicho estado cuántico, mediante la aplicación

de los operadores que describen un observable f́ısico y el teorema del valor medio

en mecánica cuántica. Sin embargo, la función de onda no posee interpretación f́ısica

directa y tiene 3N dimensiones (para un aproximación estacionaria), lo que representa

un problema de resolución en sistemas polielectrónicos. Para conocer la función de

onda  , es necesario conocer la ecuación de Schrödinger [101] utilizando el operador

Hamiltoniano adecuado:

Ĥ = E (B.1)

Para determinar el Hamiltoniano hay que conocer el número de electrones N y el

potencial externo v(~r) del sistema[102].

Durante los últimos años la TFD ha tenido una fuerte influencia en la determinación
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de sistemas mecano cuánticos. Basadas en los teoremas de Hohenberg y Kohn, la

TFD tiene como idea fundamental que la densidad electrónica (⇢(r)) define el estado

fundamental de átomos y moléculas, permitiendo aśı obtener la información acerca

de la enerǵıa, la estructura y propiedades de un sistema qúımico en estudio teniendo

en cuenta que la enerǵıa resulta ser un funcional de ⇢(r), E = E[⇢(r)].

Es posible expresar todos los términos del Hamiltoniano electrónico en función de la

densidad, según:

E[⇢(r)] = T [⇢(r)] + VNe[⇢(r)] + Vee[⇢(r)] (B.2)

T [⇢(r)] da cuenta de la enerǵıa cinética de los electrones, Vee[⇢(r)] de la interacción

electrón-electrón y VNe[⇢(r)] de la interacción núcleo electrón, siendo el único co-

nocido gracias a la función de enerǵıa potencial de atracción nuclear, de naturaleza

coulómbica. De conocerse los otros términos, se obtendŕıa la solución exacta para la

densidad electrónica; sin embargo, se cuenta con distintas aproximaciones que mo-

delan la suma de T [⇢(r)] y Vee[⇢(r)], el llamado Funcional Universal F [⇢(r)], por su

independencia del potencial externo.

En 1965 Kohn y Sham [103] desarrollan un método para poder extraer la información

numérica de los postulados de Hohenberg y Kohn. Por un procedimiento variacional,

se optimiza un conjunto de orbitales, los orbitales de Kohn y Sham (KS), que genera

una densidad de prueba, en forma análoga a la metodoloǵıa de Hartree-Fock [75], y se

incluye una aproximación para la correlación electrónica en el modelo de Funcional

Universal, funcionales de intercambio y correlación. Aún cuando el significado f́ısi-

104



ASPECTOS TEÓRICOS

co de los orbitales KS no está claramente formulado en el desarrollo metodológico,

existe evidencia de que su uso es perfectamente aceptable para análisis de resultados

electrónicos [104], permitiendo la obtención de manera eficiente de datos energéticos,

estructurales y electrónicos para un sistema dado.

La Teoŕıa de Funcionales de la Densidad genera las bases para el desarrollo de ele-

mentos interpretativos de especial interés, que permite extraer información de un

sistema en forma rigurosa y directamente relacionable con los conceptos qúımicos

[105].
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B.0.1. Teoŕıa de Funcionales de la Densidad Conceptual

Potencial qúımico y Dureza molecular

La TFD conceptual centra su interés en la extracción de conceptos y principios re-

levantes para la qúımica, desde los desarrollos metodológicos en qúımica cuántica

[106–108]. La TFD conceptual data de 1980, cuando se comienza a explorar el signifi-

cado f́ısico-qúımico de términos matemáticos asociados con la respuesta de un sistema

frente a distintas perturbaciones, generados en el marco de la Teoŕıa de Funcionales

de la Densidad.

Como se mencionó anteriormente, la densidad electrónica ⇢ nos permite caracterizar

en forma completa un sistema qúımico. Para obtener la densidad correcta a partir

de una densidad de prueba ⇢0, debemos seguir el criterio de mı́nima enerǵıa, apli-

cando el principio variacional para la densidad a potencial externo constante, con la

condición de normalización a N, siendo µ el multiplicador de Lagrange asociado a la

minimización, cuyo valor será caracteŕıstico del sistema de interés:

�{Ev[⇢0]� µN [⇢0]} = 0 (B.3)

Como se ha señalado, la densidad ⇢, determina el potencial externo v(~r) y el número

de electrones del sistema N , mediante su normalización los que a su vez determinan

el Hamiltoniano del sistema, resultando la enerǵıa total una funcional de N y v(~r):

E = E[N, v(~r)] (B.4)
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Por otro lado, corresponde señalar que las funciones respuestas en la enerǵıa para

variaciones en N , y en el potencial externo (v(~r)) generan una familia de descriptores

locales y no locales de reactividad. Ambas familias de respuesta se resumen en la

Figura B.1.

E[N, �(~r)]
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@N . & �

��(~r)

�
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N
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Figura B.1: Derivadas superiores de la enerǵıa electrónica en un conjunto canónico.

Al analizar la respuesta en la enerǵıa para cambios en N hasta segundo orden, se

obtiene una serie de términos para el análisis de la reactividad qúımica:

µ =


@E

@N

�

v(~r)

; ⌘ =


@
2
E

@N2

�

v(~r)

(B.5)

A primer orden, se recupera el multiplicador de Lagrange µ, proveniente de la mini-

mización variacional del funcional de la enerǵıa. Éste será definido como el potencial

qúımico electrónico del sistema [109], en analoǵıa al potencial qúımico termodinámi-

co. Debido a que N es una variable discreta, y la enerǵıa es discont́ınua en N, para

obtener valores de µ se debe recurrir a la aproximación de diferencias finitas, la que
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indica que la enerǵıa vaŕıa con N, según:

µ ⇡ �E

�N
=

[EN�1 � E(N)]� [EN+1 � E(N)]

[N � 1]� [N + 1]
=

AE � PI

2
(B.6)

Donde PI corresponde al primer potencial de ionización y AE a la afinidad electrónica.

La respuesta de segundo orden para la enerǵıa es llamada dureza molecular, ⌘ [106,

108, 109]. Ésta también puede ser obtenida mediante aproximación de diferencias

finitas [110].

⌘ =


@
2
E

@N2

�

v(~r)

=


@µ

@N

�

v(~r)

=
PI � AE

2
(B.7)

Los términos µ y ⌘ se originan a partir de cambios en el número total de electrones,

siendo propiedades globales del sistema. Esto, sumado a que sus fórmulas opera-

cionales están compuestas por cantidades con significado qúımico, se utilizan como

descriptores de reactividad qúımica.

Para facilitar la obtención de estos descriptores, es posible usar el Teorema de Koop-

mans [111], que asocia el valor de la afinidad electrónica con la enerǵıa del primer

orbital molecular desocupado (LUMO) y el potencial de ionización con la enerǵıa del

último orbital ocupado (HOMO), obteniéndose µ y ⌘ en función de dichas cantidades:

PI ⇡ �✏H ; AE ⇡ �✏L (B.8)

µ ⇡ 1

2
(✏L + ✏H) ; ⌘ ⇡ 1

2
(✏L � ✏H) (B.9)
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El potencial qúımico es una medida de la tendencia de escape de los electrones desde

el sistema en equilibrio [112] la dureza molecular es una medida de la resistencia del

sistema a cambios en su distribución electrónica [113].
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Apéndice C

Estudio Teórico de la Tiourea

como catalizador en la Piranilación

de Metanol

Este trabajo se enmarca en la pasant́ıa de investigación realizada en la Universidad de

Brock, St. Catharines, Canadá, con el profesor Travis Dudding. En esta instancia, se

estudió el mecanismo de reacción de piralinación de metanol utilizando tiourea como

catalizador. Este estudio se realizó computacionalmente apoyado de datos otorgados

por el grupo experimental del profesor Dudding.

El campo de la catálisis continúa evolucionando hacia modos de reactividad sosteni-

bles, renovables y menos dependientes de metales preciosos, dentro de este enfoque

se enmarca el uso de metodoloǵıas organocataĺıticas [114–116]. El impulso para es-

te cambio, es la caracteŕıstica intŕınseca no metálica de la organocatálisis [117–122]

tolerante a los grupos funcionales del sustrato y, a la participación de múltiples in-

teracciones no covalentes. En este contexto, las tioureas son una clase popular de
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organocatalizadores con amplia utilidad [123–127], derivadas en parte de su capa-

cidad de emplear múltiples interacciones atractivas para facilitar de este modo las

transformaciones qúımicas. Por esta razón, esta clase privilegiada de organocataliza-

dor continúa ganando atracción en los últimos años mediante mecanismos como la

catálisis no covalente, catálisis de ácido de Brønsted [128], catálisis mejorada elec-

trostáticamente [129] y catálisis multifuncional.

Desde un punto de vista mecańıstico, el rol multifuncional de las tioureas en la acti-

vación del sustrato, corresponde a un punto importante dentro de la organocátalisis

[130, 131]. En este caso, la doble función de las tioureas, tales como la disminución de

LUMO y la activación de los sustratos (base de Lewis) ha sido considerado como un

punto cŕıtico en el rendimiento del catalizador. Adicionalmente, este modo de activa-

ción del sustrato se encuentra vinculado a la dinámica conformacional de la tiourea,

la cual puede ser efectiva tanto en la activación electrof́ılica, como en la organización

del estado de transición.

Es conocido que los efectos conformacionales de la tiourea desempeñan un rol funda-

mental en la catálisis (orientaciones Z,Z ; E,Z ; Z,E y E,E ), ya que estudios demues-

tran que est́ımulos ambientales influyen en las preferencias conformacionales [132, 133]

(ver Figura C.1 A). Adicionalmente, está establecido que los solventes pueden favo-

recer la presencia de un confórmero en particular a través de la estabilización [134].

Sin embargo, la estabilización otorgada por solvente, no resulta necesariamente en el

confórmero más estable termodinámicamente, como se observaŕıa en el estado sólido,

sino más bien conduce a la estabilización de su contraparte cataĺıticamente activa

[135, 136].
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Figura C.1: (A) Isómeros conformacionales de la tiourea estudiada. R1: Ph, R2:
bis(diisopropilamino). (B) Trabajos previos reportados por Dudding para la piranila-
ción de alcoholes y fenoles. (C) Ciclopropenilo como un nuevo dominio electrostático
para el catalizador de tiourea.

Dudding recientemente ha reportado evidencia experimental [137], mediante el uso

de sistemas ciclopropenilos en busca de desarrollar un catalizador eficiente para la

reacción de piranilación de alcoholes y fenoles (ver Figura C.1 B). De esta mane-

ra, este nuevo catalizador de tiourea mostrado en la Figura C.1 C exhibe tanto un
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dominio A donor de puente de hidrógeno, como un mejorado carácter electrostático

debido a la presencia del anillo de ciclopropenilo (dominio B), además de una ba-

se de Lewis (azufre) que actúa como un aceptor de puente de hidrógeno (dominio C ) .

La protección de los alcoholes a través de la piranilación (protección de THP) es

un ejemplo pertinente de las muchas transformaciones sintéticas existentes, que se

producen a través de estos intermediarios de oxocarbenio [138]. Este trabajo tiene

como objetivo principal estudiar las múltiples v́ıas de reacción que existen, las cuales

dependen de la disposición geométrica del complejo catalizador-sustrato activo den-

tro del estado de transición. Dentro de este enfoque, a partir de nuestros hallazgos

computacionales y experimentales, se encontró que existen elementos complementa-

rios que coexisten para dirigir de este modo dos tipos de mecanismos: HBC (del inglés,

Hydrogen Bond Catalyzed) correspondiente a una catálisis no covalente mediada por

interacciones puentes de hidrógeno para activar el sustrato (metanol) y BAC (del

inglés, Brønsted Acid Catalyzed) donde la tiourea se comporta como un catalizador

de ácido de Brønsted (ver Figura C.2 ).
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Figura C.2: Investigación computacional de las reacciones de piranilación utilizando
la tiourea sintetizada por el grupo de Dudding.

De tal modo, se evaluarán aquellos factores que gobiernan la estabilización del estado

de transición tanto para las v́ıas concertadas como en etapas, a partir de un análisis

computacional mediante una perpectiva energética, electrónica y de interacciones no

covalentes.

C.1. Análisis conformacional

Como punto de partida para nuestros estudios, se optimizó la estructura del es-

tado fundamental del catalizador de tiourea propuesto, utilizando la metodoloǵıa

!B97XD[139]/6-311G(d,p), lo que resultó en el hallazgo de cuatro conformaciones

distintas: Z,Z, E,Z, Z,E, y E,E mostradas en la Figura C.1, con enerǵıas libre de

Gibbs (�G�) relativas que abarcan hasta 3.57 kcal/mol en solvente DCM (ver Tabla

C.1). Entre estos rotámeros calculados, el E,Z presentó la menor enerǵıa en los tres

solventes estudiados: DCM, CH3CN y DMSO con constante dieléctrica de 8.93, 37.7

y 46.8, respectivamente. Esta preferencia energética de la conformación E,Z, se debe

a una serie de factores, tales como; el considerable valor del momento dipolar (17.2
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D), junto con el menor número de repulsiones estéricas intramoleculares, como se

observa en la Figura C.3 mediante los gráficos NCI 2D y 3D.

Tabla C.1: Enerǵıa libre de Gibbs �G� tomando en cuenta los solventes DCM,
CH3CN y DMSO. MD corresponde al momento dipolar con unidad de Debyes. Los
valores de enerǵıas se encuentran en kcal/mol.

Confórmero MD �G� �G�
DCM �G�

CH3CN �G�
DMSO

Z,Z 7.90 1.58 3.15 2.51 1.78
E,E 12.1 5.43 3.57 4.37 4.40
E,Z 15.8 5.47 1.51 1.25 1.41
Z,E 17.2 0.0 0.0 0.0 0.0

Figura C.3: Gráficos NCI 2D (panel izquierdo) y gráficos NCI 3D (panel derecho)
para los rotámeros Z,Z, E,Z, Z,E y E,E estudiados en la tiourea.

C.2. Mecanismo de reacción

Al tener ya una idea de la dinámica conformacional del catalizador de tiourea, nos

enfocamos en explorar el mecanismo de formación de productos piranilados. De estos

esfuerzos, surgen dos v́ıas mecańısticas, que implican un paso determinante para la

reacción de adición de alcohol: (i) Ruta 1: activación del metanol mediante puentes

de hidrógeno bifurcados de la tiourea (Figura C.4), (ii) Ruta 2: adición de alcohol

mediante una catálisis por ácido de Brønsted (Figura C.5).
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ESTUDIO TEÓRICO DE LA TIOUREA COMO CATALIZADOR EN LA
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Figura C.4: Ruta 1: activación del metanol mediante puentes de hidrógeno bifurca-
dos del confórmero Z,Z de la tiourea.

C.2.1. Mecanismo concertado

La ruta 1 se inicia con la formación de un complejo reactante Z,Z -1-INT1 median-

te la participación del confórmero Z,Z, donde se generan interacciones puentes de

hidrógeno bifurcados entre la tiourea y el metanol con distancias de 2.09 Å y 1.89Å

(Figura C.4). Luego se forma el complejo Z,Z -1-INT2, donde el átomo de hidrógeno

del alcohol reside directamente encima del alqueno del 3,4-dihidro-2H-pirano (DHP)

a una distancia de 2.31 Å, generando un alto grado de polarización de carga en los

enlaces N-H · · · O-H producto del carácter electrostático del ciclopropenilo (Cargas
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NBO N=-0.671 |e| , H=0.459 |e|, O= -0.795 |e|, H=0.510 |e|), y preparando de este

modo el escenario para la transferencia protónica hacia el carbono-� del vinil éter

proveniente del DHP. En el paso determinante, el estado de transición Z,Z -1-TS

implica tanto la formación del enlace C-O como la transferencia protónica hacia el

carbono �, presentando una barrera de enerǵıa libre de Gibbs considerable de 30.8

kcal/mol con respecto a Z,Z -1-INT2. El estado de transición Z,Z -1-TS presenta

un enlace C ··· O alargado con distancia de 2.72 Å, además las distancias de enlace

involucradas en la transferencia protónica de C ··· H y O ··· H son de 1.15 Å y 1.72

Å, respectivamente. Finalmente, se forma el complejo producto Z,Z -1-INT3, para

luego ocurrir la separación del producto piranilado 2-metoxitetrahidropirano (MTP)

y la salida del catalizador de tiourea Z,Z, mediante un proceso exergónico.
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C.2.2. Mecanismo en etapas

Figura C.5: Ruta 2: adición de alcohol mediante una catálisis de ácido de Brønsted,
utilizando el confórmero E,Z de la tiourea.

La ruta 2 (catálisis de ácido de Brønsted) comienza con la formación del complejo

reactante E,Z -1-INT1, a partir del confórmero E,Z de la tiourea y el metanol.

Este complejo presenta un puente de hidrógeno S ··· H-O con distancia de 2.64 Å

(ver Figura C.5). Luego, se forma el complejo E,Z -1-INT2 donde el hidrógeno del

enlace N-H (cercano al ciclopropenilo) comienza a prepararse para la protonación del

alqueno vinil éter del DHP, mientras que el metanol actúa como un puente que acerca

el catalizador y el DHP, es decir, el alcohol sirve como una conexión no covalente,
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que se origina a partir de interacciones intermoleculares S ··· H – O y C – H ··· O con

distancias de 2.49 Å y 0.96 Å, respectivamente. El estado de transición E,Z -1-TS1

correspondiente a la transferencia protónica, ocurre con una barrera de enerǵıa libre

de Gibbs de 21.4 kcal/mol. Este estado de transición presenta distancias de 1.50 Å

y 1.26 Å para la transferencia protónica y 4.52 Å de distancia entre el metanol y el

carbono ↵ del vinil éter. Es importante notar, que la transferencia protónica mediante

el hidrógeno del enlace N-H (cercano al fenilo) presenta una barrera de enerǵıa 4.5

kcal/mol más alta, haciendo que este proceso sea poco probable, por lo que se resalta

aún más la importancia del ciclopropenilo en la tiourea, ya que éste aumenta la acidez

del protón cercano a él. El primer estado de transición conduce a la formación de un

par iónico oxonio-tiourea (E,Z -1-INT3) con 4.4 kcal/mol menos de enerǵıa que E,Z -

1-TS1. Posteriormente, se lleva a cabo la adición de alcohol a través de E,Z -1-TS2

con una distancia de enlace C ··· O de 2.72 Å, seguida de una transferencia protónica

hacia el azufre de la tiourea, formando el intermediario E,Z -1-INT4, que corresponde

al tautómero de la tiourea y al producto piranilado (MTP). Luego, toma lugar la

tautomerización tiol-nitrógeno en la tiourea, mediante una transferencia protónica

asistida por el metanol, pasando por un estado de transición ćıclico de 6 miembros

E,Z -1-TS4-MA con una barrera energética de 12.5 kcal/mol, llevando a la formación

del complejo E,Z -1-INT5. Finalmente, esta ruta 2 es energéticamente favorecida con

respecto a la ruta 1, la cual termina con la separación del producto piranilado MTP

y la liberación del catalizador E,Z, quedando este último disponible para otro ciclo

cataĺıtico.
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Apéndice D

Otras actividades

En el marco de la formación cient́ıfica en el área de investigación que se ha logrado en

estos 5 años de Doctorado en Qúımica, se enmarcan principalmente colaboraciones

internacionales y nacionales, como la participación en eventos cient́ıficos en modalidad

de póster.

D.1. Art́ıculos cient́ıficos

Con respecto a las colaboraciones cient́ıficas se destaca principalmente la elaboración

de siete publicaciones ISI tituladas:

Roćıo Durán and Bárbara Herrera, Theoretical Study of the Mechanism of

Catalytic Enanteoselective N-H and O-H Insertion Reactions, The Journal of

Physical Chemistry A , 124, 1 (2020): 2-11.

Ivor Smajlagic, Matt Guest, Roćıo Durán, Barbara Herrera and Travis Dud-

ding, Mechanistic Insight Towards Understanding the Role of Charge in Thiou-

rea Organocatalysis, The Journal of Organic Chemistry, 85, 2 (2020): 585-593.
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Daniel Villablanca, Roćıo Durán, Al Mokhtar Lamsabhi, Barbara Herrera,

Reaction Mechanism of Li and Mg Carbenoid Cyclopropanations: Metal-⇡ and

� Interactions, ACS Omega, 4, 21 (2019): 19452-19461.

Roćıo Durán, Nicolás Núñez-Navarro, Flavia C. Zacconi and Barbara He-

rrera, Theoretical study of C-arylations with Aryl Halides. Determining the

reaction mechanism, the e↵ect of substituents and heteroatoms, Physical Che-

mistry Chemical Physics, 21 (2019): 10163-10170.

Ivor Smajlagic, Roćıo Durán, Melanie Pilkington and Travis Dudding, Cyclo-

propenium Enhanced Thiourea Catalysis., The Journal of Organic Chemistry,

83, 22 (2018): 13973-13980.

Nery Villegas-Escobar, Daniela E. Ortega, Diego Cortés-Arriagada,Roćıo Durán,

Diana Yepes, Soledad Gutiérrez-Oliva and Alejandro Toro-Labbé, Why Low Va-

lent Lead (II) Hydride Complex Would be a Better Catalyst for CO2 Activation

than Its 14 Group Analogues?, The Journal of Physical Chemistry C , 121.22

(2017): 12127-12135.

Cristina Ortega-Moo,Roćıo Durán, Bárbara Herrera, Soledad Gutiérrez-Oliva,

Alejandro Toro-Labbé and Rubicelia Vargas, Study of antiradical mechanisms

with dihydroxybenzenes using reaction force and reaction electronic flux, Phy-

sical Chemistry Chemical Physics, 19.22 (2017): 14512-14519.

D.2. Participación en eventos cient́ıficos

Por otro lado, la participación en eventos cient́ıficos en modalidad de póster se

destacan:
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• Roćıo Durán, Diego Cortés, Barbara Herrera, Alejandro Toro Labbé, Reac-

tivity of copper carbenoid toward insertion in O-H bonds. A Density Fun-

ctional Theory Study 44a Congreso de Qúımicos Teóricos de Expresión

Latina, Santiago, Chile, 2018.

• Rocio Durán, Bárbara Herrera, Alejandro Toro-Labbé, Reactivity of cop-

per carbenoid toward insertion in O-H bonds. A Density Functional Theory

Study, The Chemical Bonds at the 21st Century - 2017 CB2017 Interna-

tional conference on chemical bonding, Alemania, Aachen, 2017.

• Roćıo Durán, Barbara Herrera, Alejandro Toro-Labbé, Reactivity of cop-

per carbenoid toward insertion in O-H bonds. A Density Functional Theory

Study, 11th Triennial Congress of the World Association of Theoretical and

Computational Chemists, Alemania, Munich, 2017.

• Roćıo Durán, Diego Cortés, Barbara Herrera, Alejandro Toro Labbé, Theo-

retical study of the isomerization of transition metal complex with azo subs-

tituent, from the perspective of the Reaction Electronic Flux and Reaction

Force, 42do Congreso de Qúımicos Teóricos de Expresión Latina, Uruguay,

Montevideo, 2016.

• Roćıo Durán, Diego Cortés, Barbara Herrea, Alejandro Toro-labbé, Theo-

retical study of the isomerization of transition metal complex with azo subs-

tituent, from the perspective of the Reaction Electronic Flux and Reaction

Force, R Bryan Miller Symposium, Estados Unidos, Davis, 2016.

• Cristina Ortega-Moo, Roćıo Durán, Patricia Pérez, Eduardo E. Chamo-

rro, Alejandro Toro-Labbé , Rubicelia Vargas, Jorge Garza, Efecto del

sustituyente en la capacidad antioxidante de compuestos relacionados con

el pardeamiento enzimático, Reunión Mexicana de Fisicoqúımica Teórica

XIV 2015, México, Tonalá, Jalisco, 2015.
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• Roćıo Durán, Diego Cortes, Barbara Herrera, Alejandro Toro-Labbé, Theo-

retical study of the isomerization of the azobenzene, from the perspective

of the Reaction Electronic Flux, 3rd International Conference on Materials

Science, Chile, Valdivia, 2015.
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[63] R. A. Boto, J. Contreras-Garćıa, J. Tierny, J.-P. Piquemal, Interpretation

of the reduced density gradient, Molecular Physics, 114 (2016) 1406–1414.

[64] C. Narth, Z. Maroun, R. A. Boto, R. Chaudret, M.-L. Bonnet, J.-P. Pi-
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ABSTRACT: Pyranylation and glycosylation are pivotal for
accessing a myriad of natural products, pharmaceuticals, and
drug candidates. Catalytic approaches for enabling these
transformations are of utmost importance and integral to
advancing this area of synthesis. In exploring this chemical
space, a combined experimental and computational mechanistic
study of pyranylation and 2-deoxygalactosylation catalyzed by a
cationic thiourea organocatalyst is reported. To this end, a
thiourea−cyclopropenium organocatalyst was employed as a
model system in combination with an arsenal of mechanistic
techniques, including 13C kinetic isotope effect experiments,
deuterated labeling studies, variable-temperature 1H NMR spectroscopy, and density functional theory calculations. From these
studies, two distinct reaction pathways were identified for this transformation corresponding to either dual hydrogen bond (H-
bond) activation or Brønsted acid catalysis. The former involving thiourea orchestrated bifurcated hydrogen bonding proceeded
in an asynchronous concerted fashion. In contrast, the latter stepwise mechanism involving Brønsted acid catalysis hinged upon
the formation of an oxocarbenium intermediate accompanied by subsequent alcohol addition.

■ INTRODUCTION

Catalysis is a powerful tool for enabling large-scale
manufacturing, fine chemical production, pharmaceutical
synthesis, renewable energies, and countless other important
processes.1 For these reasons, the advancement of catalytic
technologies is of utmost importance in today’s society. On
this forefront, mechanistic understanding acquired by
computational modeling studies, in combination with exper-
imental validation and testing, continues to gain traction. This
synergy, arguably, has sparked numerous innovative ap-
proaches, e.g., the burgeoning field of organocatalysis1a,2

offering a nonmetal feature,3 functional group (FG)
tolerance,3a,4 and eco-friendliness.
In this context, thiourea organocatalysis has gained wide-

spread popularity and with it broad utility,2d,5 such as in host−
guest (catalyst−substrate) applications involving attractive
interactions facilitating chemical transformations. This includes
uses in anion-binding catalysis,6 H-bond donor/Brønsted acid
catalysis,2d,7 charge-enhanced catalysis,8 and multifunctional
catalysis.9 Furthermore, thioureas equipped with multifunc-
tional catalytic (e.g., Lewis base and H-bond donor) H-bond
donor or Brønsted acid character are especially appealing.
Often such character and associated reactivity, as well as
others, can be attained by structural and electronic fine-tuning
of a thiourea organocatalyst4 with mechanistic understanding
serving as a useful guide.

Complicating matters, nevertheless, are conformational
dynamics as proposed more and more in emerging reports.
For instance, recent efforts investigating the putative role of
thiourea Z,Z-, E,Z-, Z,E-, and E,E-orientations and their
correlated conformational dynamics, highlights the importance
of these underappreciated, yet catalytically active confor-
mers7d,j,10 (Figure 1A). In this respect, thiourea Z,Z-
orientations have historically been widely invoked in
transition-state models; however, contemporary examples in
the literature suggest other thiourea rotamers are likely vital for
reactivity (Figure 1B). Moreover, critical in this sense are
environmental stimuli, e.g., solvent stabilization rigidifying
catalyst conformation and with it influencing transition state
organization.5d,c,10−14

In light of these developments we recently reported the first
cyclopropenium charge-enhanced thiourea organocatalyst that
as a proof-of-principle application was deployed in pyranyla-
tion reactions; notably, this thiourea was found to be superior
to current state-of-the-art thiourea organocatalysts, both
neutral and charged.8a Despite this value, the underpinning
mechanistic details of this catalytic reactivity remain uncertain.
Considering this uncertainty and the well-established dynamic
nature of biomimetic thiourea catalysts, e.g., Schreiner’s
thiourea, as demonstrated by Schreiner,7d Paṕai and Varga,7j
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and Baldauf,10b we were especially interested in understanding
the operative role of our thiourea in pyranylations15 and other
transformations. Further, we anticipated the knowledge
acquired from this undertaking would offer insights into
hydrogen bond catalysis, Brønsted acid catalysis, charge-
enhanced catalysis, multifunctional catalysis, and conforma-
tional dynamics broadly applicable in organocatalysis.
In this spirt, we report, vide infra, the first in-depth

mechanistic study shedding light into synthetic and biorelevant
pyranylation and 2-deoxygalactosylation reactions catalyzed by
a cationic thiourea organocatalyst. To this end, multifunctional
charged thiourea−cyclopropenium organocatalyst 1·BF4− was
employed as a model system (Figure 1C). In a broader context,
this work demonstrates the importance of charge in promoting
catalysis as well as the crucial impact of catalyst conformational
flexibility in organocatalysis.

■ COMPUTATIONAL DETAILS
All calculations were performed with the Gaussian 0916 suite of
programs at the density functional theory (DFT) level
employing the range-separated hybrid ωB97X-D functional17

with a 6-311G(d,p) basis set.18 This functional was selected as
it accounts for dispersion and has been shown to provide
accurate thermochemical and kinetic energies. Single-point
calculations were also performed at the SMD/ωB97X-D/6-
311G(d,p) level on ωB97X-D/6-311G(d,p)-optimized geo-
metries. Thermal corrections from the vibrational frequencies
at the ωB97X-D/6-311G(d,p) were added to the electronic
energies of the above-mentioned methods to obtain the free
energies. All of the optimized geometries (minimum stationary
points (reactants, intermediates and products)) were con-
firmed by frequency computations as minima (zero imaginary
frequencies) or transition states (one imaginary frequency)
using analytic second derivatives.19 Intrinsic reaction coor-
dinate (IRC) calculations were performed to ensure that the

transition states found were first order saddle points
connecting the reactants and the products.20−22 Solvent
dichloromethane (DCM, ε = 8.93) in these calculations was
accounted for by the self-consistent reaction field (SCRF)
method using the solvation model based on density (SMD)
model to gain a more accurate treatment of medium/long
ranged attractive noncovalent interactions.23,24 The Gibbs free
energy differences (ΔG°) were taken with respect to the most
stable conformer. The 3D images of all optimized geometries
were generated with CYLview25 and natural bond orbital
representations were produced using Chemcraft.26 Gauss-
View27 was used to construct all structures prior to geometrical
optimization. Monte Carlo conformational searches (MCCS)
with an OPLS328 force field were performed on the full catalyst
systems using Macromodel program in Schrodinger.29

■ RESULTS AND DISCUSSION
As a point of departure for our studies, we performed
computations exploring the ground-state conformer distribu-
tion of thiourea catalyst 1 in the absence of a counterion for
computational simplicity. Emerging from these calculations
were four distinct conformer populations, conforming to E,Z-,
E,E-, Z,E-, and Z,Z-rotamers of 1 with relative Gibbs free
energies (ΔG°rel) spanning 3.5 kcal mol−1 in the presence of
implicit solvent DCM, respectively (Figure 2). Among these
conformers E,Z-1 was lowest in energy, due in part to a smaller
7.59 D dipolar moment and reduced intramolecular (intra-
host) steric contacts.

Building upon these computed findings, we explored the
rotamer distribution of 1·BF4− by 1D nuclear Overhauser
enhancement spectroscopy (NOESY) and variable-temper-
ature (VT) 1H NMR (600 MHz, CD2Cl2) analysis (Figure 3).
Irradiation of the adjacent cyclopropenium ring N(3)-H
hydrogen atom (green) gave rise to NOE signals correlating
to both the N(4)-H (blue) and o-aryl C(22)-H (gray)
hydrogens with the latter signal being weaker in intensity. A
similar trend emerged upon irradiation of the N(4)-H
hydrogen, though a stronger correlation to the o-aryl C(22)-
H (gray) hydrogen was observed. In contrast, correlation
between the N(3)-H hydrogen and the hydrogens of the N-
diisopropyl methyl groups was not observed, thus suggesting a
distal spatial relationship between the groups (Figure 3A).
Evident from these NOE findings is a preferred solution-phase
Z,Z-orientation of 1·BF4−consistent with the reported crystal
structure.

Figure 1. (A) General depiction of thiourea conformers. (B) Previous
reported modes of reactivity for pyranylation by thioureas. (C)
Computational investigation of pyranylations using thiourea 1·BF4−.

Figure 2. Conformers E,Z-1, E,E-1, Z,E-1, Z,Z-1 with corresponding
relative Gibbs free energies (ΔG°rel) and dipole moments (μ, units =
debyes (D)).
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Prompted by these results, we anticipated that VT analysis
would reveal the presence of other rotamers of 1·BF4− at lower
temperatures (Figure 3B). Initially, a well-resolved methine
signal at 4.08−4.12 ppm indicative of rapid conformer
exchange at 295.1 K was observed that upon cooling to
230.4 K resulted in a broad signal at ∼4.09 ppm telling of
restricted rotation about the C(3)−N(3) bond. Further
cooling of the sample to 203.2 K led to splitting of this poorly
resolved methine signal to a doublet (4.36−4.60 ppm) and a
singlet at 3.74 ppm, supporting the presence of two or possibly
more distinct rotamers. Consistent with this was the
extrapolated activation barrier (ΔG⧧) of 10.2 kcal mol−1 and
rate constant kc = 974.1 s−1 for this exchange process at
coalescence (230.4 K). The nonequivalency of these methine
signals we attribute to anisotropic shielding by the π-
polarizable cyclopropenium ring and π-electron system of the
thiocarbonyl. Likewise, a 1D NOESY experiment conducted at
193.0 K revealed the presence of thiourea Z,Z-orientation.
Confirming this orientation was an observed N(3)-H and
N(4)-H correlation resulting in a strong NOE signal ascribed
to interactions with the tetrafluoroborate counterion, rigid-
ifying this conformation.6 Irrespective, all of these conformers
would be accessible experimentally as further supported by the
computed 12.5 kcal mol−1 rotational barrier for conversion of
conformer E,Z-1 to Z,Z-1 (see the SI). In attempting to freeze
out additional rotamers the sample was cooled to 182.1 K;
however, no further signal separation was observed with
respect to the o-aryl hydrogen atoms, thus confirming C(17)−
N(4) bond rotation was a low barrier process.
Having insight into the conformational dynamics of thiourea

catalyst 1 we next explored the mechanism of pyranylated
product formation. Emerging from these efforts were
mechanistic pathways involving either rate determining (1)
alcohol addition by thiourea-bifurcated dual hydrogen bond

activation (pathway 1, Scheme 1) or (2) alcohol addition by
Brønsted acid catalysis (pathway 2, Scheme 2). Inherent to

both pathways was the thiourea conformer pre-equilibrium of
Figure 2 as a point of entry for these mechanisms.
Pathway 1 (dual hydrogen bond activation) proceeds from

thiourea 1 in the Z,Z-rotamer geometry (as observed by
NMR), wherein a bifurcated H-bond complex Z,Z-1-INT1
displaying N−H···O hydrogen bond distances of 2.09 and 1.89
Å occurs (Scheme 1). Encounter complex Z,Z-1-INT2 then
emerges, wherein the alcohol hydrogen atom resides directly
atop the alkene of 3,4-dihydro-2H-pyran (DHP) at a distance
of 2.31 Å. Inherent to this intermediate and certainly linked to
the cyclopropenium charge was a large degree of charge
polarization across the N(3)−H···O−H hydrogen bond
subassembly (NBO charges N = −0.671 e, H = 0.459 e, O
= −0.795 e, H = 0.510 e), setting the stage for proton transfer
to the β-carbon of the vinyl ether of DHP. Rate determining
alcohol addition involving C−O bond formation coupled with
proton transfer follows by transition state Z,Z-1-TS having a
sizable Gibbs free energy activation barrier of 30.8 kcal mol−1

with respect to Z,Z-1-INT2. In terms of the energetic span
model and turnover frequency (TOF), Z,Z-1-INT1 corre-
sponds to the TOF determining intermediate (TDI), while the
TOF determining transition state (TDTS) was Z,Z-1-TS, thus
resulting in an overall energy span of 34.6 kcal mol−1 (TON =
7.2 × 10−11, TOF = 2.7 × 10−13 s−1).30 The defining metrics of
first-order saddle point Z,Z-1-TS entailed an elongated C···O
bond making distance of 2.72 Å, as well as, C···H and O···H
proton transfer distances of 1.15 and 1.72 Å. Intermediate
complex Z,Z-1-INT3 then forms, where after separation of the
pyranylated product 2-methoxytetrahydropyran (MTP) and
thiourea Z,Z-1 liberates the catalyst for another reaction cycle
providing an overall exergonic process.
Alternatively, pathway 2 (Brønsted acid catalysis) initiates

from an E,Z-rotamer catalyst conformation E,Z-1 that in the
presence of methanol forms H-bond complex E,Z-1-INT1
featuring an S···H−O hydrogen bond measuring 2.64 Å
(Scheme 2). Next, complex E,Z-1-INT2 follows in which the
cyclopropenium N−H hydrogen is primed for protonation of

Figure 3. (A) Correlations between hydrogen atoms for 1·BF4− based
on 1D NOESY experiments with atoms labeled. (B) Variable-
temperature 1H NMR spectra with select thiourea 1·BF4− conformers
frozen.

Scheme 1. Pathway 1: Dual Hydrogen Bond Activation
Catalyzed by Charged Thiourea Conformer Z,Z-1
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the vinyl ether alkene of DHP, while the alcohol acts as a
bridging element bringing the catalyst and DHP in close
proximity. Protonation transition state E,Z-1-TS1 then ensues
with a Gibbs free energy activation barrier of 21.4 kcal mol−1

with respect to starting materials. Similarly, in terms of the
energy span model, E,Z-1-TS1 was the TDTS and E,Z-1-INT1
was the TDI leading to an energy span of 23.9 kcal mol−1 for
this cycle (TON = 8.3 × 10−4, TOF = 1.7 × 10−5 s−1).30

The defining features of this structure are proton-transfer
distances of 1.50 and 1.26 Å with the alcohol component
residing 4.52 Å from the vinyl ether α-carbon atom.
Alternatively, protonation by the anilino nitrogen hydrogen
N(4)−H was disfavored by 4.5 kcal mol−1 relative to transition
state E,Z-1-TS1, thus making this protonation process unlikely
and further highlighting the significance of the cyclopropenium
charge (see SI). Oxonium-thiourea anion ion pair E,Z-1-INT3
follows on the reaction pathway, residing 4.4 kcal mol−1 below
transition state E,Z-1-TS1. Next, alcohol addition via E,Z-1-
TS2 displaying a C···O bond forming distance of 2.72 Å
followed by proton transfer provides ion pair E,Z-1-INT4.
Thiol-to-nitrogen methanol assisted proton tautomerization by
6-membered cyclic transition state E,Z-1-TS4-MA with a
barrier of 12.5 kcal mol−1 then furnishes complex E,Z-1-INT5.
The key metrics of this transition state structure being S···H
and N···H distances of 1.75 and 1.60 Å, as well as,
corresponding O··H distances of 1.12 and 1.03 Å, respectively.
Finally, this energetically favored pathway finishes with
separation of the pyranylated product MTP and liberation of

catalyst E,Z-1 for another catalytic cycle. From these findings,
based on the energetic span model, pathway 2 is energetically
favored among the proposed mechanisms. It is important to
note that exploration of pathway 2 via cyclopropenium
nitrogen protonation was performed for all conformations of
thiourea 1 as apparent in Figure 1; however, only a mechanism
involving the E,Z-conformer was found to exist.
To corroborate these computed findings, we investigated

potential catalyst−substrate interactions using 1H NMR by
sequentially adding substrate DHP to thiourea catalyst 1·BF4−,
resulting in no spectroscopic changes and by inference the lack
of any interaction (Figure 4). Conversely, we have previously
shown the sulfur of the catalyst engages in H-bonding with
alcohols.8a From this evidence, we posit the thiourea catalyst
plays a key bifunctional role9 in these reactions by initially
forming a more reactive metastable alcohol−catalyst complex
(function 1) primed for proton transfer to DHP (function 2).
Next, the anti/syn-stereochemistry of alcohol addition to the

alkene of DHP was investigated by reacting conformationally
locked analogue 4-(tert-butyl)-3,4-dihydro-2H-pyran in meth-
anol-d4 in the presence of thiourea catalyst 1·BF4−. Monitoring
this reaction by 1H NMR over a duration of 48 h revealed the
formation of a diastereomeric mixture of pyranylated products
with a kinetically controlled preference for syn product
formation (syn/anti ratio of 70:30), consistent with a Brønsted
acid mode of catalysis, vide supra (Scheme 3A). In contrast, a
concerted H-bond-mediated reaction mechanism for alcohol
addition proceeding through a pivotal intermediate displaying

Scheme 2. Pathway 2: Brønsted Acid Catalysis by Charged Thiourea Conformer E,Z-1
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a ridged host−guest (catalyst−substrate) interaction allowing
for nucleophilic attack from only one face would give rise to a
single stereoisomer, thus opposing the likelihood of a
concerted reaction mechanism under our employed con-
ditions.
Subsequently, a series of control experiments using ethanol

and benzyl alcohol were performed, wherein alkoxide exchange
was observed (see the SI). Intrigued by the ability of thiourea
catalyst 1·BF4− to induce alkoxide exchange, we applied our
reaction conditions to phenyl (O,1-2H2) methanol to

distinguish between alkoxide exchange and epimerization
(Scheme 3B).
From this experiment was observed a syn/anti product ratio

of 70:30 mirroring that seen with methanol-d4, which we
ascribe to analogous mechanisms of alcohol addition. Based on
this outcome, epimerization can be ruled out in favor of a
catalyst-controlled stereoselective kinetic reaction scenario (see
SI).
To gain further insight into the putative Brønsted acid

mediated mechanism, 13C KIE studies were pursued using
Jacobsen’s distortionless enhancement by a polarization
transfer (DEPT) method31 analyzing the product at low
conversion at natural abundance (Figure 5). More specifically,

the DEPT-55 method was employed under pseudo-first-order
conditions measuring KIEs at 2% product conversion. From
this study, substantial inverse kinetic isotope effects were
observed at the α- and β-carbons with values of 0.892 and
0.898, respectively, taking into account a 1.5% uncertainty in
NMR integrations, thus, resulting in an uncertainty of 0.00332

in the KIEs. These KIE findings are telling of two key features:
(1) the observed large and inverse KIEs suggest that a
multistep reaction involving a pre-equilibrium prior to the rate-
determining step is plausible33 and (2) the observed similar
KIEs at the β- and α-carbons are indicative of sp2 → sp3

rehybridization and negligible rehybridization, respectively at
the rate-determining step. Though, this does not rule out other
possible conclusions that can be drawn from these trends.
Taken together, the experimental and computational findings
support that thiourea-catalyzed (1) pyranylations is a stepwise
Brønsted acid mechanism.
Having established charge-enhanced thiourea catalyst 1·

BF4− induced diastereoselection the use of 3,4,6-tri-O-benzyl-
D-galactal (2) as a biorelevant 2-deoxysugar glycosyl donor
equivalent34 was investigated. In exploring this further
application of our catalyst, 2 was reacted under standard
conditions at reflux to afford 2-deoxygalactosylated product 3
in 84% yield with exclusive α-facial selectivity (Scheme 4).
Inspired by this result, we sought to understand the origin of
this selectivity by performing molecular mechanics searches.
Thus, utilizing the optimized structure of E,Z-1-TS1 as a

template, O-benzyl functionality was appended and α- vs β-
stereofacial alcohol addition considered, resulting in two
representative transition state models (Figure 6). These
models were then imported into the program MacroModel.29

Figure 4. 1H NMR spectra depicting no interactions between
thiourea 1·BF4− and DHP.

Scheme 3. Mechanistic Investigation of Alcohol Addition
Using Deuterium-Labeled Alcohols: (A) Investigating the
Stereochemistry of Addition Using Methanol-d4 and 4-(tert-
Butyl)-3,4-dihydro-2H-pyran; (B) Investigating the
Stereochemistry of Addition Using Phenyl (O,1-2H2)
Methanol and a Mixture of Syn and Anti Product Isomers
(Methyl Adduct)

Figure 5. (A) 13C kinetic isotope effect. (B) 13C isotopic composition
of THP protected alcohol from a reaction taken to 2% product
conversion.
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The internal coordinates of the atoms of the catalyst, alcohol
and vinyl ether were frozen and Monte Carlo conformational
searches (MCCS) with the OPLS3 force field28 performed to
generate an array of conformers for α- and β-stereofacial
alcohol addition.
Visible from the superposition of the conformers for α-

stereofacial alcohol addition was an open cavity allowing for
more accessible alcohol addition (Figure 6, left-hand side),
whereas, alcohol addition to the more sterically shielded β-face
was impeded by the presence of bulky benzyl groups steering
the catalyst away from the site of reactivity (Figure 6, right-
hand side). While these simple molecular mechanics models
offer a preliminary basis for understanding α- vs β-stereofacial
alcohol addition a more thorough mechanistic investigation is
required to unravel the fine details with respect to this
transformation. That said, studies surrounding related aspects
of glycosyl donor α- vs β-stereofacial selectivity and reactivity
are currently underway in our laboratory.

■ CONCLUSION
In summary, we reported a computational and experimental
mechanistic study of cationic thiourea-catalyzed pyranylations
and the successful glycosylation of a 2-deoxy sugar. Arising
from these studies was the importance of conformational
dynamics, which is especially relevant in molecules with many
degrees of freedom, wherein structural- and catalytic features
are interdependent.35 Further, a distinct feature of the catalytic
reactivity examined in this report was “charge-enhanced
acidity”36 which is a timely concept gaining traction in the
past decade for rational design of small molecule-based
organocatalysts.6c,8,37 The basis of this appeal stems from
enhanced substrate activation relative to neutral catalysts,
much like that found in more complex enzymatic counterparts.
Further, the analysis discussed, herein, demonstrates judi-
ciously designed organocatalysts having a charged moiety
provide a general tool for improving catalytic reactivity.

■ EXPERIMENTAL SECTION
Materials and Methods. All materials were obtained from

commercially available suppliers and used as received unless otherwise
stated. The solvent employed in the reactions was dried using the

following method: dichloromethane was distilled from CaH2. All
reactions were conducted in oven-dried round-bottom flasks under an
inert atmosphere (N2) and monitored by thin layer chromatography
(TLC) using silica gel 60 F254 EMD Merck. NMR spectra were
recorded on a Bruker DPX-300 spectrometer (1H 300 MHz, 13C 75.5
MHz) and Bruker Avance AV I 600 spectrometer (1H 600 MHz) in
CDCl3. The observed chemical shifts are reported as δ-values (ppm)
relative to tetramethylsilane (TMS). 1D NMR experiments were used
to assist in rotamer identification. 13C NMR KIE experiments were
conducted to provide further support for the mechanistic hypothesis.
1·BF4

−,8a 4-(tert-butyl)-3,4-dihydro-2H-pyran,38 and phenyl
(O,1-2H2) methanol39 were prepared according to literature
procedures and the spectra match accordingly.

Low-Temperature NMR Experimental Acquisition. NMR spectra
were recorded on a Bruker Avance AV I 600 spectrometer (1H 600
MHz) in CD2Cl2. The observed chemical shifts are reported as δ
values (ppm) relative to tetramethylsilane (TMS). The peaks of
interest are denoted by red squares, as determined upon cooling of
the sample. This protocol provides experimental evidence demon-
strating the conformational orientation of thiourea 1·BF4−, which was
then compared with the computed results. The equations used to
calculate the barrier to interconversion are shown below. The rate
constant kc at the coalescence temperature (Tc) was found using the
difference in Hz (Δv, eq 1). The free activation energy (ΔG⧧) was
determined using eq 2.

k
2c

π υ= Δ
(1)Ä

ÇÅÅÅÅÅÅÅÅÅ ikjjj y{zzz
É
ÖÑÑÑÑÑÑÑÑÑG RT

T
22.96 lnc

c

υΔ = + Δ
⧧

(2)

NMR Binding Studies. 1H NMR titrations in CDCl3 using catalyst
1·BF4− and DHP (up to 10.0 equiv) at room temperature revealed a
lack of complex formation as seen from the presence of N−H
hydrogen atoms belonging to thiourea catalyst 1·BF4− even after the
solution was saturated with DHP.

Probing the Stereochemistry of Alcohol Addition. To probe the
stereochemistry of alcohol addition, an experiment using methanol-d4
was performed. This involved the use of a 10.0 mL round-bottom
flask charged with thiourea 1·BF4− (115 mg, 10 mol %) to which
methanol-d4 (114 mg, 3.2 mmol) and 4-(tert-butyl)-3,4-dihydro-2H-
pyran (340 mg, 2.4 mmol) were combined and subsequently diluted
in dichloromethane (2.0 mL). The resulting solution was stirred at 40
°C while monitoring product formation with 1H NMR spectroscopy
over a period of 72 h (reaction completion). Next, all volatiles
(dichloromethane and any residual methanol-d4) were removed in
vacuo, and the crude product was extracted with diethyl ether,
concentrated, and analyzed with NMR spectroscopy.

Characterization Data for the Mixture of Nondeuterated and
Deuterated Syn and anti Products (NMR Data Are Consistent with
Literature).7j Syn isomer: 1H NMR (300 MHz, CDCl3, 25 °C) δ =
0.84 (s, 9H), 1.43−1.44 (m, 1H), 1.62 (d, J = 3.42 Hz; 1H), 1.66−
1.68 (t, J = 3.39 Hz; 1H), 1.72−1.76 (d, J = 12.4 Hz; 1H), 3.62−3.68
(ddd, J = 11.1, 4.9, 1.6 Hz; 1H), 3.69−3.78 (td, 12.1, 2.3 Hz; 1H),
4.76−4.77 (d, J = 3.4 Hz; 1H); 13C{1H} NMR (75.5 MHz, CDCl3, 25
°C): δ = 26.7, 26.8, 30.7−31.2 (t, J = 19.6 Hz), (nondeuterated:
31.3), 31.8, (nondeuterated: 38.7), 38.8, 60.0, 98.6.

Anti isomer: 1H NMR (300 MHz, CDCl3, 25 °C) δ = 0.86 (s, 9H),
1.03−1.06 (m, 1H), 1.19−1.23 (t, J = 6.99 Hz; 1H), 1.25−1.32 (m,
1H), 1.53 (m, 1H), 3.36−3.44 (m, 1H), 4.05−4.12 (m, 1H), 4.21−
4.25 (d, J = 9.18 Hz; 1H); 13C{1H} NMR (75.5 MHz, CDCl3, 25
°C): δ = 26.4, 27.1, 32.0, 32.4−32.9 (t, J = 18.5 Hz), (nondeuterated:
32.9), 44.6, 65.6, 103.6.

Experiments Investigating Alkoxide Exchange (NMR Data Are
Consistent with Literature). A few key experiments were performed
to test for the potential of alkoxide exchange. First, following a
literature procedure8a 2-methoxytetrahydropyran (S4) was prepared
using a 25.0 mL round-bottom flask charged with thiourea 1·BF4− (24
mg, 1 mol %) to which methanol (160 mg, 5.0 mmol) and 3,4-
dihydro-2H-pyran (840 mg, 10 mmol) were combined and

Scheme 4. 2-Deoxygalactosylation of 3,4,6-Tri-O-benzyl-D-
galactal Facilitated by Thiourea 1·BF4

−

Figure 6. Comparison of α- vs β-stereofacial alcohol addition.
(Superposition of conformers within 10 kJ mol−1 of the global
minima.)
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subsequently diluted in dichloromethane (5.0 mL). The resulting
solution was stirred at room temperature for 24 h. Thereafter, the
solvent was removed and the resulting crude material was subjected to
flash chromatography using a hexanes/ethyl acetate solvent system to
yield S4.
2-Methoxytetrahydropyran (S4):40 0.53 g, 91%; clear oil; 1H

NMR (300 MHz, CDCl3, 25 °C): δ = 1.49−1.90 (m, 6H), 3.41 (s,
3H), 3.49−3.56 (m, 1H), 3.83−3.90 (m, 1H), 4.51−4.53 (t, J = 2.97
Hz; 1H).
Next, to examine the potential for alkoxide exchange a 5.0 mL

round-bottom flask was charged with thiourea 1·BF4− (4 mg, 1 mol
%), 2-methoxytetrahydropyran (S4, 100.0 mg, 0.86 mmol), and
ethanol (52.0 mg, 1.1 mmol) and the resulting mixture diluted with
dichloromethane (0.5 mL). This solution was allowed to stir for 72 h
while monitoring reaction progress via NMR.
Experiments Investigating Epimerization. The reaction

conditions were then applied to phenyl (O,1-2H2) methanol to
distinguish between alkoxide exchange and epimerization. This
involved the use of a 5.0 mL round-bottom flask charged with
thiourea 1·BF4− (49 mg, 10 mol %) to which phenyl (O,1-2H2)
methanol (114 mg, 1.0 mmol) and the deuterated mixture of syn and
anti product isomers (182 mg, 1.0 mmol) were combined and
subsequently diluted in dichloromethane (0.75 mL). The resulting
solution was stirred at 40 °C, while monitoring product formation
with 1H NMR spectroscopy over a period of 9 days. Next,
dichloromethane was removed in vacuo, and the crude product was
extracted with diethyl ether, concentrated, and analyzed with NMR
spectroscopy.
Characterization Data for the Mixture of Nondeuterated and

Deuterated Syn and Anti Products (Benzyl Adduct). Syn isomer: 1H
NMR (300 MHz, CDCl3, 25 °C) δ = 0.87 (s, 9H), 1.47−1.49 (m,
1H), 1.68−1.71 (t, J = 3.51 Hz; 1H), 1.73−1.75 (t, J = 3.51 Hz; 1H),
1.77−1.83 (m, 1H), 3.68−3.74 (ddd, J = 11.0, 4.8, 1.7 Hz; 1H),
3.82−3.90 (td, 12.7, 2.3 Hz; 1H), 4.97−4.98 (d, J = 3.5 Hz; 1H),
7.37−7.40 (m, 5H); 13C{1H} NMR (75.5 MHz, CDCl3, 25 °C): δ =
21.9, 26.8, 26.9, 30.7−31.2 (t, J = 19.8 Hz), (nondeuterated: 31.3),
31.9, (nondeuterated: 38.6), 38.7, 60.3, 96.6, 128.1, 128.3, 128.4,
128.5.
Anti isomer: 1H NMR (300 MHz, CDCl3, 25 °C) δ = 0.88 (s, 9H),

1.07−1.09 (m, 1H), 1.26−1.29 (overlapping signals; 1H), 1.31−1.36
(m, 1H), 1.58 (m, 1H), 3.40−3.48 (m, 1H), 4.10−4.16 (m, 1H),
4.43−4.46 (m; 1H), 7.28−7.36 (m, 5H); 13C{1H} NMR (75.5 MHz,
CDCl3, 25 °C): δ = 26.5, 27.1, 32.1, 32.6−33.0 (t, J = 20.4 Hz),
(nondeuterated: 33.1), 44.7, 65.7, 101.5, 127.0, 127.5, 127.6, 127.8.
Procedure for 13C KIE Experiments. Two independent reactions

were conducted at either stoichiometric (1:1) or pseudo-first-order
conditions to furnish the THP protected product at high conversion
(100%) or low conversion (2%), respectively. The products were
analyzed using Jacobsen’s DEPT-55 technique.31 Equation 3 was
applied to calculate the KIEs.

F
F R R

KIE ln(1 )
ln (1 ( / ))PTD

PDT 0
= −

[ − ] (3)

High Conversion. To an oven-dried 10.0 mL round-bottom flask
charged with thiourea 1·BF4− (11 mg, 1 mol %); benzyl alcohol (2.3
mmol) and 3,4-dihydro-2H-pyran (2.3 mmol) were combined and
subsequently diluted in dichloromethane (2.0 mL). The resulting
solution was stirred at room temperature under an inert atmosphere
for 3 h. After removal of the solvent, the crude material was triturated
with diethyl ether (1 × 3.0 mL), and concentrated to yield the THP
protected alcohol.
Low Conversion. To an oven-dried 10.0 mL round-bottom flask

charged with thiourea 1•BF4− (∼2 mg, 1 mol %); benzyl alcohol
(0.37 mmol) and 3,4-dihydro-2H-pyran (18.5 mmol) were combined
and subsequently diluted in dichloromethane (1.0 mL). The resulting
solution was stirred at room temperature under an inert atmosphere
for 3 h. After removal of the solvent, the crude material was subjected
to flash chromatography using a hexanes/ethyl acetate (9:1) solvent
system to yield the THP protected alcohol.

Procedure for the Thiourea-Catalyzed 2-Deoxygalactosylation
(NMR Data Are Consistent with Literature).41 In an oven-dried 10.0
mL round-bottom flask charged with thiourea 1·BF4− (4.0 mg, 1 mol
%) 3,4,6-tri-O-benzyl-D-galactal (0.400 mg, 0.960 mmol) (2) and
benzyl alcohol (87 mg, 0.805 mmol) were combined and
subsequently diluted in dichloromethane (1.5 mL). The resulting
solution was stirred until near full consumption of 2 as determined by
1H NMR spectroscopy analysis (∼12 h) at 40 °C under an inert
atmosphere. Next, the crude material was subjected to flash column
chromatography using hexanes/ethyl acetate (9:1) as a cosolvent
system to furnish the title compound 3 as a clear and colorless oil
(354 mg, 84%, α-anomer). 1H NMR (300 MHz, CDCl3, 25 °C) δ =
2.06−2.11 (dd, J = 12.7, 4.6 Hz; 1H), 2.25−2.35 (m, 1H), 3.58−3.69
(m, 2H), 3.99−4.06 (m, 3H), 4.45−4.73 (m, 7H), 4.96−5.00 (d, J =
11.6 Hz, 1H), 5.12−5.13 (d, J = 3.06 Hz; 1H), 7.28−7.39 (m, 20H).
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ABSTRACT: Theoretical density functional theory (DFT)
calculations were carried out to study bond insertion reactions
using a copper(I)−Box-carbenoid as a bond activator. In order
to understand the reaction mechanism where N−H and O−H
bonds actively participate, the reaction force (RF) and
activation strain model (ASM) were used. Results indicate
that the first step of the reaction is barrierless for both bond
insertions (N−H and O−H), and the second step of the
insertion reaction in the phenol (O−H bond) is favored
kinetically and thermodynamically with regard to the aniline
substrate (N−H bond). The enantioselectivity is driven by the
ligand of the catalyst by steric repulsion, favoring the
formation of the R isomer. The analysis of the reaction force
and ASM exhibited that the higher energy barrier in aniline is
mainly due to a higherW2 contribution together with repulsive
interactions, which hinders the insertion process.

■ INTRODUCTION
Carbenoids are essential intermediates in organic synthesis.1−3

Due to their dual electrophilic and nucleophilic nature, they
participate in a broad range of chemical transformations.4 Such
is the case of the X−H bond insertion reactions (X = O, N),
where carbenoids provide a direct and efficient route for the
formation of C−X bonds.3,5−7 Furthermore, although the
metal atom in the carbenoid activates the X−H bond, it is in
the adjacent carbon atom where direct interaction takes place.
Thus, the metal complex that initiates the reaction is easily
regenerated, which is why it is recognized as a catalytic
process.8

Regarding the experimental works, most of them are based
on the O−H insertion using copper carbenoids, with PhBox as
a ligand.9−12 This reaction is an efficient process, resulting in a
high enantioselectivity and yield. It is well-known that in
insertion reactions as well as aldolic additions,13 aziridina-
tions,14,15 diels-alder reactions16−19 the catalyst plays an
important role into the activation of a desired atom and
drives the stereoselectivity of a given system.12,18,20

The activation of the X−H bond needs an appropriate level
of electrophilic character in the central carbon atom (C*),
which can be achieved by choosing the right metal complex
and substituents to form the carbenoid.21−23 Previous
experimental and computational works8,11,23−26 have pointed
out an insertion mechanism of the carbenoid at the X−H bond

(see Figure 1), where initially a carbenoid intermediate is
formed (c) from a diazocomposite (b) and a metal complex

(a) and subsequently inserted into the X−H bond (d) in order
to form a C*−X and a C*−X bond (e). In fact, there are
previous results on the reaction mechanism of C−X insertions,
giving accurate results regarding the nature of reactants and
ligands.14,27,28 However, whether the pathway between the
formation of the intermediate carbenoid and the recovering of
metal complex (bold black arrow on Figure 1) is concerted or
occurs in a stepwise mechanism is an ongoing debate.
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Figure 1. Proposed mechanism for the carbenoid insertion on
heteroatom-hydrogen bond reaction. Adapted with permission from
ref 11. Copyright 2012, American Chemical Society.
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In this work, we propose a density functional theory
(DFT)29−31 study of the mechanism of O−H and N−H
insertion reactions; our interest is to discriminate if the
reaction mechanism is concerted or stepwise and to determine
the influence of the catalyst in the carbon activation and the
enantioselectivity of the process. This study will be based on
the concept of the reaction force (RF)32−35 combined with the
activation strain model (ASM)36−39 and on electronic indexes
such as noncovalent interactions (NCI).40,41 For our goal, we
have studied a model system with a copper(I) catalyst with
PhBox as a chiral ligand to carry out the asymmetric insertion
into the X−H bond. While a copper carbenoid provides a high
enantioselectivity in these insertion reactions,7,10,14,24,27,28,42

phenol and aniline are chosen as substrates in N−H and O−H
bond activations due to their experimental importance.25

■ THEORETICAL METHODS
Reaction Force (RF). The reaction force concept was

introduced by Toro-Labbe ́ as the derivative of the potential
energy E(ξ) of the system with respect to the reaction
coordinate (ξ).32−35ikjjjj y{zzzzξ ξ

ξ= − ∂
∂F E( ) ( )

(1)

For each elementary process, critical points partition the
reaction force profile into three regions:43−45 the reactant (R)
region, the transition state (TS) region, and the products (P)
region. Furthermore, areas under the reaction force profile
define works associated with structural and electronic
reordering, which are calculated as follows:

∫ ∫ξ ξ= − = −
ξ

ξ

ξ

ξ
W F W F( ) ( )1 2
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1

1

TS

(2)

∫ ∫ξ ξ= − = −
ξ

ξ

ξ

ξ
W F W F( ) ( )3 4

TS

2

2

P

(3)

It has been demonstrated46−49 that W1 and W4 involve mainly
structural rearrangements, while the transition region, defined
between ξ1 and ξ2 and associated with W2 and W3, is governed
by bond breaking/forming processes accompanied by strong
fluctuation in some electronic properties.
The analysis of the reaction force produced a rational

partition of the activation energy, which can be written as the
sum of W1 and W2.

33

ξ ξΔ = [ − ] = +≠E E E W W( ) ( )TS R 1 2 (4)

A significant advantage of decomposing ΔE≠ into this two
components, is that it reveals how an external agent, such as a
solvent or a catalyst, can affect the activation energy.
Activation Strain Model (ASM). This reactivity model

based on the electronic density fragmentation was developed
by Bickelhaupt et al.36−39 with the aim of explaining differences
in the activation energies of certain chemical reactions. ASM
defines the total energy of a system as a sum of two
contributions: distortion energy (ΔEstrain) and interaction
energy (ΔEint).

ξ ξ ξΔ = Δ + ΔE E E( ) ( ) ( )strain int (5)

The first term (ΔEstrain) corresponds to the sum of the energy
cost associated with the geometrical distortion of the each
reactant along the reaction coordinate. The second, ΔEint,

quantifies the absorbed or release energy by the system when
the distorted species interact at each point of the coordinate.
Politzer et al.50 demonstrated that both RF and ASM allow

the identification and quantification of the driving and
retardant forces that govern the chemical reactions. With the
use of these theoretical and computational tools, it is expected
to advance in the understanding and characterization of the
reaction mechanism under study.

The Energy Decomposition Analysis(EDA). The energy
decomposition analysis method was independently developed
by Morokuma51 and Ziegler;52 it is a powerful tool that
connects the difference between elementary quantum
mechanics and a simple conceptual interpretation of the
nature of the chemical bond. Within this partition scheme, the
energy reduction associated with the formation of a chemical
bond is divided into three different terms.
This analysis extracts the interaction energy (ΔEint) of an AB

bond, which corresponds to the energy difference between the
energy of the supermolecule (AB) and the energy of the
isolated monomers A and B.

Δ = − −E E E Eint AB A B (6)

As mentioned previously, the ΔEint can be broken down into
three physically significant components, which represent
different steps toward the formation of a complex from its
two fragments.

Δ = Δ + Δ + ΔE V E Eint elts Pauli orb (7)

The first term, ΔVelts, is usually attractive and corresponds to
the classical electrostatic interaction between the overlapping
fragments with their frozen charge distribution (ρA and ρB) in
the geometry of the complex. The second term, ΔVPauli,
represents Pauli’s repulsion energy and comprises the
destabilizing interaction between occupied orbitals and is
also responsible for the steric repulsion originated from Pauli’s
antisymmetry principle.
Finally, an empirical term ΔEdisp was adhered to the

interaction energy of the effects of long-range dispersion,
introduced by Grimme et al.53,54 Thus, the interaction energy
for A and B fragments is defined as

Δ = Δ + Δ + Δ + ΔE V E E Eint elts Pauli orb disp (8)

Noncovalent Interactions (NCI). The NCI40,41 is a
visualization index based on the electron density (ρ) and the
reduced density gradient (RDG, s), which is defined as

π
ρ

ρ
= |∇ |s 1

2(3 )2 1/3 4/3 (9)

This index can be visualized in 2D and 3D plots. The 2D plot
shows the reduced gradient (s) as a function of the electron
density, ρ, oriented by the sign of λ (the second eigenvalue of
the Hessian), while the 3D NCI plots correspond to the spatial
visualization of the close contacts. A 3D NCI plot can be
obtained for a system in order to rank interactions graphically
along with the system.

■ COMPUTATIONAL DETAILS
All the calculations were carried out at the density functional
theory (DFT) level of theory, using the hybrid-meta GGA
M06-2X functional,55 which accounts dispersion effects, along
with the combination with the cc-pVDZ basis set for all
nonmetallic atoms. Cu was described using the LANL2DZ

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b07274
J. Phys. Chem. A 2020, 124, 2−11

3

http://dx.doi.org/10.1021/acs.jpca.9b07274


quasirelativistic pseudopotential and basis set.56−58 This
functional was selected because it is highly recommended
due to its satisfactory accuracy in thermochemistry, kinetics,
and noncovalent interactions calculations.55,59,60 Also, it is
important to note that the M06-2X functional has been
previously used in carbenoid systems, showing good
results.61−63 This functional was compared with high accuracy
methods, such as DLPND-CCSD(T)64 for both activation and
reaction energies (see Supporting Information).
Minimum stationary points, reactants (R), intermediates (I),

products (R), and transition states (TS), were verified by
frequency calculations using analytic second derivatives.65 TS
structures were related to reactants and products using the
intrinsic reaction coordinate (IRC).66,67 The solvent effects
were taken into account using the self-consistent reaction field
(SCRF) method by applying the solvation model based on
density (SMD)68 using dichloromethane (ε = 8.93).
To understand the electronic behavior of the systems under

study, atomic charges, molecular orbitals and molecular
electrostatic potential (MEP) have been determined. Charges
were described through Hirshfeld-I populations analysis and
calculated using methods implemented in Multiwfn 3.5.69 The
choice of charge analysis is based on the accuracy with which
Hirshfeld-I charges70 reproduce dipole moments and geo-
metrical changes. Hirshfeld-I charges also give a quantitatively
correct picture of the MEP and therefore suitable for chemical
interpretations.71,72 The study of weak interactions was done
through the noncovalent interaction (NCI)40,41 by NCIPLOT
3.040,41,73,74 program.
All calculations were performed in Gaussian 09 (G09)75

software package, and some TS were first optimized on Orca
3.076 software package and then reoptimized in G09. The
energy decomposition analysis (EDA)77−79 was calculated by
the Amsterdan Density Functional (ADF) software,80 using
the M06-2X functional with double-ζ basis sets for all atoms
without considering the solvent effects. Visualization and
generation of molecular structures was performed with
Chemcraft81 graphical user interface software, and figures
were generated with the CYLview82 software.

■ RESULTS AND DISCUSSION
Copper Carbenoid Analysis. In order to reach the

products, the copper carbenoid has to be stable and not allow
dimerization reactions.83,84 This stability is given by the
electrophilic feature of the carbenoid central carbon (labeled as
C* in Figure 2), which depends on the electronic
contributions of the adjacent groups, the orbital, and steric
contributions of the copper complex. In the direction to
achieve the desired reactivity of the C*, we have combined a

donor (CH3) and acceptor group (C3H6O2) bonded to the
reactive atom. MEP, Hirshfeld atomic charges, and NBO
analysis displayed at the Supporting Information, indicated
that C* in our systems is an electrophilic atom.

Reaction Paths. The formation of C*−X and C*−H
bonds in bond insertion reactions (Figure 3) was studied using

aniline and phenol as substrates. The N−H and O−H bond
activation by the carbenoid and subsequent bond insertion was
found to proceed by two different routes depending on the
substrate orientation and leading to optical isomers S and R in
each case (see Figure 4). The S isomers are the products of a
frontside attack of the substrate onto the C* atom, while a
backside attack will yield an R isomer (see Figure 5).
In order to analyze in detail the reactions, we are going to

separate each step associated with the process. The first step of
the reaction is a barrierless process that involves the
nucleophilic attack of the substrate toward the carbenoid,
forming a C*−X weak covalent bond, obtaining an ylide
reactive complex (RCX). The second step of the reaction
includes the proton transfer from the substrate to the
carbenoid center (C*) and the Cu−C* bond breaking, thus
generating the product complex (PCX). The reaction finishes
with an R or S product depending on the orientation of the
attack, coordinated to the copper complex are obtained. In a
last step the product PCX sepparates from the copper complex,
forming a stationary point higher in energy.

Barrierless Process. The barrierless step corresponds to
the C*−X bond formation and C*−Cu bond weakening
processes. It is essential to study this step in detail since it gives
rise to the enantioselectivity of the reaction. For each insertion
(N−H and O−H) two barrierless processes were found,
leading to two different RCX reactant complex, each of which
originates a specific optic isomer. The backside approach leads
to the RCX,R species, while the RCX,S species is the product of
the frontside approach. The interaction energy of each RCX
(ΔERC) was obtained from eq 10. The ΔERC for RCX,R was
found to be greater than that for RCX,S in both bond insertions
(N−H and O−H), being RCX,R more stable by 13.3 kcal/mol
(N−H) and 9.70 kcal/mol (O−H) respectively.

Δ = − −−E E RC E E( )XRC carbenoid substrate carbenoid substrate
(10)

We have also calculated the strain percent present in each
isomeric form, using

= |Δ |
|Δ | + |Δ | ×E

E E
% 100strain

strain

strain int (11)

To gain insights into the nature of these energies, we have
decomposed ΔERC into ΔEint and ΔEstrain. The decompositionFigure 2. Representation of the copper carbenoid molecule.

Figure 3. Carbenoid insertion reactions on X−H bond (X = N, O).
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energies are displayed in Table 1. The results indicate that for
both enantiomers, the ΔERC is dominated by ΔEint (60% (R)
and 53% (S)) with respect to ΔEstrain. However, the lower
stability of RCX,S is found to be due to the increase of ΔEstrain.
Figure 6 displays the RCX structures corresponding to each

approach for both insertions. As can be observed, both RCN,S
and RCO,S present an important geometry loss with respect to
the original carbenoid. The breaking of the Cu−C* bond,
which can be inferred from the distances between these atoms

(3.34 Å for aniline and 3.41 Å for phenol), leads to the
shortening of the C*−X bond (resulting in distances of 1.46 Å
for C*−N and 1.48 Å for C*−O). Hence, the breaking of the
Cu−C* bond entails a loss of orbital contribution from the
copper atom, which leads to a less stable specie.
The interaction and strain energies, and their contribution to

the energy of the reactant complex (ΔERC) are shown in Table
1. As can be seen, ΔEint is the major contributor in all cases,
this being more evident in the case of the backside approach,

Figure 4. Calculated competitive pathways of the N−H (R and S) and O−H (R and S) insertions activated by copper carbenoid. The * notation
corresponds to the electrophilic carbon (C*). R1 = CH3 and R2 = C3H6O2. The S product is represented in a red color path and the R product in
blue. The energy corresponds to the Gibbs free energy ΔGsol* taking into account the effect of the dichloromethane solvent. All values are in kcal/
mol.

Figure 5. Proposed mechanism for the two substrate’s approach orientations in the attack to the electrophilic carbenoid. The * notation
corresponds to the electrophilic carbon (C*). R1 = CH3 and R2 = C3H6O2. X = NH, O.

Table 1. Reactant Complex Energy (ΔERC), Interaction Energy (ΔEint), and Strain Energy (ΔEstrain) Calculated by ASM (All
Values in kcal/mol)

N−H O−H

RCN,R RCN,S RCO,R RCO,S

ΔERC −27.6 −14.3 −20.3 −10.6
ΔEstrain 56.9 (40%) 103.2 (47%) 32.1 (38%) 73.8 (47%)
ΔEint −84.5 (60%) −117.5 (53%) −52.4 (62%) −84.4 (53%)
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were it accounts for more tan 60% of ΔERC. Even more
important is the fact that the negative (attractive) nature of
ΔEint is revealed, reaching its lowest value for RCX,S (−117.5
kcal mol). In order to inquire into what causes the changes in
ΔEint, RCX structures here analyzed on the basis of the energy
decomposition analysis (EDA) implemented as developed by
Ziegler et al.,77−79 where ΔEint = ΔVelstat + ΔEPauli + ΔEorb. The
molecular partition that was used as fragment 1 corresponds to
the carbenoid structure, and the substrate was labeled as
fragment 2. Results from EDA (Figure 7) expose a higher

percentage of Pauli repulsion between fragments (carbenoid
and substrate) for the RCX,S formation: 3% higher for the N−
H insertion and 2% higher for the O−H insertion. The
increase in Pauli repulsion would account for the low
contribution of interaction energy in these structures. The
percentage of the Pauli repulsion was calculated using the eq
12.

= |Δ |
|Δ | + |Δ | + |Δ | ×E

V E E
% 100Pauli

Pauli

elstat Pauli orb (12)

To understand the nature of the Pauli repulsion, an analysis
of noncovalent interactions by NCI index was carried out. The
NCI analysis is displayed in Figure 7b, where the esential role
of the chiral ligand (PhBOX) in the selectivity of the reaction
is evident. It is known that steric effects are very important at
the stereoselectivity of a reaction, and we consider that having
quantitative proof on whether this effects are high confirms
chemical intuition.
The frontal nucleophilic attack of the substrate to the

carbenoid is mostly hindered by the steric effect (van der
Waals repulsion), which is responsible for the higher Pauli
repulsion of these systems, as opposed to the backside attack,
which is favored by the conformation of the chiral ligand.

Enantioselectivity. The second step of both reactions
involves only one energy barrier, which is the key to
understand the enantioselectivity of each reaction. We have
obtained barriers that indicated that the formation of the R
isomer is favored for both N−H and O−H insertions (N−H,
39.8 (R) vs 45.7 kcal/mol (S); O−H, 19.5 (R) vs 33.5 kcal/
mol (S)).
Noncovalent interactions (NCI) have been calculated with

the aim to understand the nature in the enantioselectivity of
the reactions. As said in the last section, we know that PhBox is
the determinant in enantioselectivity; using this kind of plots,
we can understand how this interaction takes place.

Figure 6. RCX structures to each X−H bond insertion with their
respective enantiomers. The value in parentheses corresponds to the
interaction energies on reactive complex (ΔERC). All values are in
kcal/mol.

Figure 7. (a) EDA for interaction energy for RC structures in percentage of ΔEint, the blue color corresponds to R enantiomers, while the gray
color to S enantiomers (the dispersion is not displayed, due to values near zero). (b) 3D NCI plot of RC structures, in parentheses is ΔEPauli %. The
red color isosurface corresponds to repulsive interactions, green to van der Waals interactions, and blue to attractive interactions.
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NCI plots are shown for both transition states (R and S) in
Figure 8. Strong repulsive interactions are observed between
the PhBox and the substrate, leading to an energy increase in
the barrier, where there are stronger interactions. This effect on
the reaction barriers indicates that the step leading to the R
systems is more likely to occur in both O−H and N−H.
Analysis of the Barriers from the Reaction Force (RF)

and Activation Strain Model (ASM) Perspectives. Due to

the relevance of the second step of the reaction leading to both
R isomers, a detailed analysis to understand the physical
meaning of the reaction barriers was performed on the basis of
the reactions force and ASM. Figure 9 displays the potential
energy and reaction force (RF) profiles for N−H (red line)
and O−H (black line). ΔGsol* of the systems was calculated and
showed that both reactions have a spontaneous behavior
leading to the formation of thermodynamically stable products

Figure 8. (a) 2D and (b) 3D NCI plots for the N−H and O−H bond insertions. For 2D plot the blue color corresponds to TSX,R, and the red color
corresponds to the TSX,S system. X corresponds to the heteroatom (X = N, O).

Figure 9. (a) Potential energy profile. (b) Reaction force profile. The red line represents the N−H insertion, while the black line is O−H insertion.

Table 2. Works W1 and W2 and their Wstrain and Wint Contribution for Both Aniline (N−H) and Phenol (O−H) Reactions (All
Values in kcal/mol)

N−H (39.2) O−H (20.0)

W1 = 26.4 (66%) W2 = 12.8 (34%) W1 16.2 = (81%) W2 = 3.83 (19%)

W1‑strain W1‑int W2‑strain W2‑int W1‑strain W1‑int W2‑strain W2‑int

5.95 (23%) 20.4 (77%) 35.2 (61%) −22.4 (39%) −9.37 (27%) 25.5 (73%) 21.0 (55%) −17.2 (45%)
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(ΔGsol* = −8.8 and −42.9 kcal/mol for N−H and O−H
respectively). Heights of the energy barriers indicate that the

reaction is favored when the phenolic substrate is used (ΔGsol
≠

= 15.5 kcal/mol vs 34.0 kcal/mol).

Figure 10. (a) Activation strain model profile, where ΔEtotal is the total energy, ΔEint is the interaction energy, and ΔEstrain is the strain energy. (b)
Strain energy of both isolated fragments. (c) Bond order profile on participating bonds. All profiles are shown from reactants to transition state. All
values are in kcal/mol.
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The reaction force is shown in Figure 9b for both R isomer
formations. In the reactants region, the negative value of the
reaction force increases in the direction toward the progress of
the reaction, which gives an account of the opposing forces
(mainly geometric rearrangements) that must be overcome to
in order to reach the transition state.
The reaction works are obtained from the RF profile, W1

and W2 being the most significant since they take into account
the energetic contributions to the TS (shown in Table 2). In
this case, a significant contribution of W2 to the activation
energy was found in aniline, in contrast to phenolic substrate
(W2 = 34% vs 19%). The difference in W2 is due to the
nucleophilic power of aniline in contrast to phenol. The
oxygen atom contains one more electron pair than aniline,
which provides the system electrons in a suitable geometric
disposition which helps the phenolic system to reach the
product.
The ASM along with the RF have been analyzed, in order to

compare strain and interaction energies in terms of reaction
works (W1‑strain, W2‑strain, W1‑int, and W2‑int). Notably, over 70%
of W1 is due to steric repulsion between the phenyl group of
the ligand and the substrate, while W2 is dominated by the
geometric distortion of the substrate. In this case, aniline has a
more significant structural deformation, resulting in a 6%
increase of the activation energy.
The activation strain model (ASM) profile was studied (see

Figure 10a). The blue line corresponds to the interaction
energy ΔEint, which is the sum of all the energetic effects that
result from combining and mixing the charge distributions of
the fragments. The red line corresponds to the strain energy
ΔEstrain, identified as the geometric distortion between isolated
fragments. The black line represents the total energy. From a
qualitative perspective, the ASM shows that the reactant region
is dominated by a positive interaction energy due to Pauli
repulsion, generating a destabilization of the system. This trend
takes place in both insertion reactions, but is more evident for
the O−H reaction since it is accompanied of a high stabilizing
strain energy (ΔEstrain), which is associated with the structural
rearrangement taking place.
Figure 10b shows the reactants’ contribution of strain energy

for both insertion reactions, where the stabilizing strain energy
at O−H has a significant contribution to the decreasing of the
activation energy, mainly involving geometric deformation of
the carbenoid (dark cyan line). This result can be associated
with the bond order analysis (see Figure 10c), where at the
reactants region essential changes in the bond order profile
appear, mainly involving the Cu−C* bond strengthening
process, which releases energy and thus contributes to the
stabilization of the carbenoid (primarily in the strain energy of
the carbenoid). In addition, the O−H bond is also stabilized,
producing a slight stabilization of the phenol (dark yellow
line). Conversely, in the N−H reaction, the primary bonds are
kept constant, so the bonds are not stabilized in that region,
allowing the strain energy to be next to zero in the reactant
region (both for the carbenoid and for the aniline).
Finally, the last step of the reactions corresponds to the

breaking of the interaction present in PCX to obtain the
product and the copper complex separately. The energetic cost
associated with this process is 4.30 and 14.5 kcal/mol for N−H
and O−H, respectively; this energy is used to break the
noncovalent interactions between copper and oxygen from the
ethyl formate.

■ CONCLUSIONS
At the M06-2X/cc-pVDZ level of theory, we have studied the
backside and frontside binding of the substrate to the copper
carbenoid in order to insert a N−H or O−H bond. The first
step of both insertion reactions (N−H and O−H) was found
to be barrierless, leading to the formation of RCX
intermediates.
The second step favors the TS associated with the backside

approach, due to the lower steric repulsions, which indicate the
regioselectivity of the reaction. Lower steric interactions are
decisive on the formation of the R isomer, generated by the
backside approach.
The interaction and strain energy contributions to the

activation energy for the backside mechanism were obtained
through ASM analysis. While for the O−H reaction a
counterbalance between the repulsive interaction energy and
the stabilized strain (negative strain) was reported, the aniline
presents a great contribution of repulsive interaction energy in
the reactant region (W1). At the same time, the greatest W2
contribution corresponds to the destabilizing strain energy,
which is higher for N−H. Both effects resulted in a lower
energy barrier for the phenolic substrate.
The insertion reaction on the O−H bond using copper(I)

carbenoid was favored energetically. However, when the
heteroatom oxygen was exchanged for nitrogen, the insertion
reaction was no longer favored, which indicates that for the
N−H bond insertion the carbenoid should be modified, either
by changing the metal or the substituents to increase the
electrophilic character of the carbon.
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M.; Belderraín, T. R.; Peŕez, P. J. Copper-Carbene Intermediates in
the Copper-Catalyzed Functionalization of O-H Bonds. Chem. - Eur. J.
2015, 21, 9769−9775.
(25) Liu, Y.; Luo, Z.; Zhang, J. Z.; Xia, F. DFT Calculations on the
Mechanism of Transition-Metal-Catalyzed Reaction of Diazo
Compounds with Phenols: O−H Insertion versus C−H Insertion. J.
Phys. Chem. A 2016, 120, 6485−6492.
(26) Liu, Y.; Yu, Z.; Luo, Z.; Zhang, J. Z.; Liu, L.; Xia, F. Mechanistic
Investigation of Aromatic C(sp 2)−H and Alkyl C(sp 3)−H Bond
Insertion by Gold Carbenes. J. Phys. Chem. A 2016, 120, 1925−1932.
(27) Ariafard, A.; Zarkoob, F.; Batebi, H.; Stranger, R.; Yates, B. F.
DFT Studies on the Carboxylation of the C−H Bond of Heteroarenes
by Copper(I) Complexes. Organometallics 2011, 30, 6218−6224.
(28) Wang, F.; Meng, Q.; Li, M. Density functional studies on
copper-catalysed asymmetric aziridination of diazoacetate with imines.
Mol. Simul. 2010, 36, 15−25.
(29) Parr, R. G.; Yang, W. Density-Functional Theory of Atoms and
Molecules; Oxford University Press: New York, 1989.
(30) Kohn, W.; Becke, A. D.; Parr, R. G. Density Functional Theory
of Electronic Structure. J. Phys. Chem. 1996, 100, 12974−12980.
(31) Geerlings, P.; De Proft, F.; Langenaeker, W. Conceptual
Density Functional Theory. Chem. Rev. 2003, 103, 1793−1874.
(32) Toro-Labbe,́ A. Characterization of Chemical Reactions from
the Profiles of Energy, Chemical Potential, and Hardness. J. Phys.
Chem. A 1999, 103, 4398−4403.
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ABSTRACT: The mechanism of the reaction of lithium and
magnesium carbenoids with ethylene to give cyclopropane has been
explained in detail in all the steps at the G4 level of theory. We
explored the lithium and magnesium interaction toward πCC and
σC−C bonds in the reactants and the products. We have also
investigated the reaction path by means of the force profile formalism
in order to highlight the electronic and the structural rearrangements
along the potential energy surface of the cyclopropanation. The results
indicate that all of the reactions are stepwise, exoenergetic, with low
barriers. All our findings were confirmed by dynamic simulations for
chlorometal carbenoids. Furthermore, from the intrinsic reaction
coordinate procedure, we were able to find out the intermediates that
can take place when the reaction is descending from the transition
state to the products or reactants. The reaction force analysis at
B3LYP/6-311G(d,p) indicates that the energy barriers are mostly due to structural rearrangements which are produced by the
approach of the carbenoid to ethylene. Quantum theory of atoms in molecules and electron localization function analyses
indicate that products, reactants, and intermediates form complexes stabilized by attractive forces between Li/Mg and single/
double bonds.

■ INTRODUCTION
In molecular synthesis, there are many possible pathways that
can connect the reactants and products. Hence, the proposed
mechanisms usually involve different types of intermediates.
Rather often, a wise combination of imagination and
experimental pieces of evidence may suggest molecular
structures that are rather far from chemical intuition. In
chemical textbooks, the possible intermediates in a chemical
reaction are classified into four groups: cations, anions,
radicals, and carbenes. In particular, carbenes have been
proved to be systems with unique reactivities,1−6 although
normally under extreme conditions due to their high reactivity.
Closely related to carbenes are the so-called carbenoids, a term
used for the first time by Closs and Moss in the early sixties7,8

to designate any system having the characteristics of a carbene
or able to produce carbenes, in other words, systems that may
react as carbenes even though they are not free divalent carbon
species.9 Carbenoids have been shown to be particularly useful
in cyclopropanation reactions,10−12 in organic synthesis, and as
catalysis intermediates.13−17

Recovering the way to gain cyclopropane derivatives may be
considered as a springboard to attain many valuable
compounds, including natural products and biologically active
species.18−21 Understanding their chemistry becomes man-

datory before exploring the paths to reach them. In gas phase
and precisely by computational methods, the study of reactivity
in chemistry has largely showed its validity to understand
complex systems.
The main aim of the present paper is to explore the simplest

way to reach cyclopropane within reactants as lithium and
magnesium carbenoids. Why do we choose these reactants?
The main reason for this choice, besides the ones cited above,
is to be able to apply the highest level of theory such as the G4
theory and describe adequately the stationary points. The
second reason is to try to offer a novel point of view on the
interaction of lithium and magnesium with double and single
covalent bonds. Hence our survey on cyclopropanation
reactions, involving carbenoids with a metalated carbon
atom, such as an alkyl lithium or alkyl magnesium R2C(X)M
(M = Li, Mg; X = F, Cl, Br), is to get a new picture of the
insertion of CH2 to ethylene.
The second goal of our work is to explore the reactivity

toward ethene as a simple model for more complex
systems.22−25 The reaction mechanism of cyclopropanation
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reactions involving carbenoid systems vary depending on the
carbon bonded to the metal and the metal itself. It can be
either a single-step reaction, concerted, or a stepwise
mechanism. Actually, cyclopropanation reactions involving
iodomethyl zinc iodide carbenoids seems to proceed by a
concerted mechanism.13,26 Other studies reported on lithium
carbenoids have shown that the concerted pathway was always
favored over a stepwise or carbometallation mechanism that
exclusively occurs with lithium aggregates.27−29 All these
analyses were based on the use of low-level theoretical
methods, and no detailed exploration of the reaction
mechanism was done. On this sense, our main aim in this
study is to use specific mechanism analysis formalisms, such as
the reaction force and the reaction electronic flux,30,31 to
unambiguously recover the nature of the mechanism involved.
This analysis will be combined with other reactivity descriptors
to gain further insights on the intrinsic changes that occur
when ethene is transformed to cyclopropane by the action of
lithium and magnesium carbenoids, including halogen atoms
(F, Cl, and Br) as leaving groups.

■ THEORETICAL FRAMEWORK
The theoretical descriptors are used for the analysis of the
reaction mechanisms; energetic and electronic properties of
carbenoid cyclopropanation reaction are defined in the
following paragraphs:
Reaction Force. To characterize reaction mechanisms, the

evaluation of energy is the most important task that gives
information about the reaction energy (ΔE°) and the height of
the reaction barrier (ΔE⧧).
The reaction force is the first derivative of the reaction

energy over the reaction coordinate and is defined as30−35

F E( ) d
d

ξ ξ= −ikjjjj y{zzzz (1)

In a single step potential, this function presents two critical
points, a minimum ξ1 and a maximum ξ2. These points delimit
three zones: the reactant zone (from ξR to ξ1) where the
structural rearrangements occur, the transition-state zone
(from ξ1 to ξ2) where all of the electronic rearrangements
take place and the product zone defined from ξ2 to ξP where
structural relaxation of the system occurs to lead to products.
From these partitions, it is possible to get the works associated
with structural and electronic phenomena.36

Electronic Chemical Potential. From conceptual density
functional theory, various response functions or local and
global reactivity descriptors can be defined.37,38 One of the
most important properties is the electronic chemical potential
or the escaping tendency of electrons from an equilibrium
state. It has been associated with the negative of electro-
negativity defined by Mulliken. For an N electron system,
chemical potential is defined as37,38

E
N r( )

μ χ= ∂
∂ = −

υ ⃗

ikjjj y{zzz (2)

Owing to the discontinuity of the energy along the number
of particles, the finite difference approximation can be used to
get an analytic expression of μ in terms of the ionization energy
I and the electron affinity A. Also within Koopman’s theorem,
this index can be expressed in term of the frontier orbital of
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), εHOMO and εLUMO.

38

I A
2 2

LUMO HOMOμ ε ε= − + ≈ +
(3)

Reaction Electronic Flux. The relation between electron
flux and the gradient of the chemical potential is used to define
the reaction electronic flux.32,35,39,40 This index measures the
electronic reorganization in a chemical reaction and is defined
as

J( ) d
d

ξ μ
ξ= −ikjjjj y{zzzz (4)

In analogy with thermodynamics, this property can be
associated with the spontaneity of the electronic processes.
When J(ξ) is positive, it may point out to a spontaneous
reorganization of the electron cloud, indicating bond forming
or strengthening, and when it is negative, the electronic
changes are then nonspontaneous meaning bond breaking or
weakening.31,41

■ RESULTS AND DISCUSSION
Lithium and magnesium are known by their ability to donate
their valence electrons when interacting with new species. Its
electronic charge in a molecule where they are inserted usually
approaches unity for lithium and two for magnesium. This
makes the adjacent atoms chemically more reactive. The
lithium carbenoid inserts easily CH2 into a double bond in
ethene or ethylene, leading a rupture of π bond substituted by
two new σ bonds.
In order to analyze in detail the mechanism of the

cyclopropane formation, that is, the energetic, structural, and
electronic profiles of this transformation, a series of G4
calculations of the reactants, products, and transition states
connecting them have been carried out. The calculations have
been achieved considering different halogen atoms as
substituents in order to counteract the electropositive effect
of the alkaline metal and consequently explore their effect on
electronic distribution in this reaction. Our research was
additionally extended to consider the magnesium-containing
carbenoids in order to explore the differences that could exist
between alkaline and alkaline-earth metals.
The first step to have a complete picture of the reaction

mechanism is to explore the nature and strength of the
interactions between the reactants. The optimized structures
show that the most stable configuration corresponds to the
metal interacting with the double bond of ethylene with
interatomic distances between the metal and the double bond
of about 2.3 and 2.5 Å for lithium and magnesium, respectively
(see Figure S1). As far as the nature of the interaction is
concerned, the electron localization function (ELF) shows the
existence of a trisynaptic basin (M, C, C) (M = Li, Mg)
associated with the polarization of the CC double bond
toward the metal center (see Figure 1). This is consistent with
the presence of a bond critical point(BCP) between the metal
and the π cloud of the CC bond, with an electronic density
about 0.016 a.u.
The dissociation energy, De, of an AB system is defined as

the difference between the energy global system, AB, and the
sum of the energies of the two fragments, A and B, when all of
them are in their equilibrium conformation. However,
additional information on the nature and strength of the
interaction can be achieved by evaluating the interaction
energy (Eint), defined as the difference between the energy of
the global system AB and the sum of the energies of the two
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fragments, A and B, when they retain the structure they had in
the global system. It is obvious, as illustrated in Scheme 1, that

De can be decomposed in two terms: the interaction energy,
Eint, and the deformation energy (Edef), defined as the energy
necessary to distort the structure of the subunits A and B from
their equilibrium geometry to their forms in the complex. The
results for both sets of compounds are reported in Table 1.
The dissociation energies indicate a typical lithium and

magnesium bonds toward a π-system which was already
highlighted by Ammal et al. for C2H4−LiX (X = H, F)42

complexes and by Li et al. for C2H4−MgX2 (X = H, F) ones.43

The dissociation energies found for the halocarbon are found
to be slightly smaller to the ones reported previously by

Ammal et al.42 and Li et al.,43 respectively. In the case of Mg,
the difference is larger, being the G4 estimates systematically
smaller.
We have found that for these systems the deformation

energy is negligibly small for Li-containing carbenoids,
independent of the nature of the leaving group (F, Cl, Br).
Conversely, the same deformation energies are not negligible
for the Mg-containing analogues, being up to 21% of the total
interaction energy.
The second-order natural bond orbital (NBO) perturbation

analysis shows that the interaction between the carbenoid and
ethylene involves the bonding πC−C orbital of the former and
the σC−M* (M = Li, Mg) antibonding orbital of the carbenoid,
with a perturbation energy being of the order of 8.0 kcal/mol
(see Figure 2). The partial population of this antibonding

orbital predicted by the NBO method is consistent with the
lengthening observed for the C−M (M = Li, Mg) bonds on
going from the isolated carbenoid to the complex between the
carbenoid and ethylene (Figure S1). It should be mentioned
that although this effect is weaker for Li- than for Mg-
containing systems, it raises the question of why the
deformation energy is negligibly small for Li systems, whereas
for Mg ones it is not.
A more detailed exploration of the ethylene-M-carbenoid

adducts (M = Li, Mg) clearly shows that as mentioned above,
the M−CH2 and the M−X (X = F, Cl, Br) of the carbenoid
become longer with respect to the separated systems, whereas
the X−CH2 distance becomes shorter for the Li-containing
systems; this effect is almost inexistent for Mg-containing ones
(see Figure S1). This means that for Li the formation of the
complex with ethylene implies X−CH2 bond shortening that
counterbalance the effect of the Li−CH2 and the Li−X bond
lengthening, whereas this effect is practically inexistent for Mg.

Figure 1. AIM and ELF population analysis on the reactants
highlighting the most important points. The electronic density in the
BCP is in a.u. while the electronic charge in the mentioned basin is in
e. (Li: purple, Mg: yellow, Cl: green, C: gray, Br: red, F: light green,
H: white).

Scheme 1. Thermodynamic Cycle for the Formation of the
Reactants for MgCH2X2 and LiCH2X (Li: Purple, Mg:
Yellow, X: Green, C: Gray, H: White)

Table 1. Energies, in Terms of Enthalpy at 298 K,
Calculated at G4 Level of Theory for the Complexation of
Halogen-Methyl Lithium and Magnesium with Ethylenea

Edef (carbenoid) Edef (ethene) Eint De

LiFCH2 0.0 −0.1 −7.7 −7.8, −8.35b

LiClCH2 −0.1 −0.1 −8.5 −8.7
LiBrCH2 −0.1 −0.1 −8.9 −9.1
MgF2CH2 2.1 −0.1 −11.9 −9.7, −12.57c

MgCl2CH2 2.9 −0.1 −13.6 −10.8
MgBr2CH2 3.0 −0.1 −14.1 −11.2

a(Values are in kcal/mol). bValue taken form ref 42 for C2H2−LiF
interaction obtained at the MP4/6-311++G(d,p)//MP2/6-311+
+G(d,p) level including BSSE correction. cValue taken form ref 43
C2H2−MgF2 interaction obtained at the CCSD(T)/aug-cc-pVTZ//
MP2/aug-cc-pVTZ level including BSSE correction.

Figure 2. Electronic donation deduced from the NBO molecular
orbital interactions between πCC of ethylene and the anti-bonding
σ* of magnesium chloromethane Mg−C bond.
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By contrast, in the later the perturbation induced by the
interaction is translated into a deformation of the carbenoid
structure. The angle XMgCH2 is reduced from 169° in the
isolated reactant to 136° in the chlorine complex. Therefore,
the complexation affects the bonds of lithium complexes while
in the magnesium systems changes the angle between atoms.
To get in the mechanism of the formation of cyclopropane it

is reliable to present the reactants as the interaction between
the metal and the double bond of ethylene as reported above.
However, from this interaction a first accommodation of the
fragments where methylene group needs to get closer to π
bond is mandatory. This raises a fundamental question: how
do the isolate reactants (Li/Mg halo-carbenoids and ethylene)
evolve to products? To answer this question the first step is to
find out the transition states that connect reactants and
products followed by a detailed description of the different
stationary points of potential energy surface of the reaction.
Our calculation at the G4 level of theory suggests a transition-
state structure where methylene is nearby the π bond of
ethene. Its activation energy is about 8.0 and 5.8 kcal/mol
above the entrance channel if we take, as example, chlorine
derivative in lithium and magnesium reactions, respectively.
To get a detailed picture of the process, an intrinsic reaction

coordinate (IRC) calculation was carried out in order to find
out the minima in both directions following the reaction
coordinate. The results are reported in Figure 3. The most
important finding was that in the reaction pathways an

intermediate [I(Li)/I1(Mg)] takes place in the reverse
direction. This means that the interaction between reactants
can go through the minimum previously proposed in the
literature42,43 [R(Li)/R(Mg)] then, by a structural reorganiza-
tion attains the intermediate I(Li)/I1(Mg) to reach the
transition state. In the forward direction, the lithium
mechanism progresses directly to product while the
magnesium reaction goes through an intermediate, namely,
[I2(Mg)], before reaching the product (see Figure 3b). It is
worth noting that all our tries to find transition states between
the intermediates and the reactants or products were
unsuccessful. It is quite intuitive because the subtle structural
differences between these species suggest the rearrangement
between them to be barrierless.
At this stage, based on the IRC calculation we can conclude

that the mechanism of the cyclopropane formation is not
concerted, but it is a two-step process. The formation of the
two new C−C bonds initially corresponds to the formation of
an intermediate I(Li)/I1(Mg), where the first C−C bond
begins its assembly to reach the TS(Li)/TS(Mg), which in
turn is followed by a formation of second C−C bond leading
to the final product P(Li). In the case of magnesium, the
second step goes through an intermediary I2(Mg), which
collapses directly to the product by a simple accommodation of
MgX2 on the cyclopropane ring (see Figure 3).
This description is totally coherent with the results of the

noncovalent interaction (NCI) plots and the quantum theory

Figure 3. Energy profiles of the formation of cyclopropane from the action of metal halocarbenoid on ethylene. (a) Li-halocarbenoid. (b) Mg-
halocarbenoid relative energies obtained at the G4 level of theory are in kcal/mol. Color codes are as follows: blue: fluorine, red: chlorine, and
green: bromine. Relative energies obtained at the G4 level of theory are in kcal/mol (Li: purple, Mg: yellow, Cl: green, C: gray, H: white).
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of atoms in molecules (QTAIM) analysis. If we focus on the
lithium mechanism (see Figure 4), the NCI analysis of the

intermediate shows an attractive region (Figure 4a) between
the carbon of the LiClCH2 system and one of the carbon
atoms of the ethylene molecule. Consistently, the QTAIM
presents a BCP between both carbon atoms (Figure 4b),
whereas the energy density in the region (Figure 4c) also
indicates a bonding interaction.

To validate our assumption, a molecular dynamics
propagation of the nuclei from the transition state was done
by means of the atom-centered density matrix propagation
(ADMP).44−46 The main objective is to localize the points that
the interaction of halocarbenoid with ethene overpasses in its
travel from the reactants to products.
Over the 20 explored trajectories in each case we selected

the ones which can describe roughly the mechanism in both
reactions. In Figure 5 represents the evolution in both
directions [reverse (a) and forward (b)] of the chlorocarbe-
noid Mg mechanism from the transition state to reactants and
products, respectively. The chloro-lithium mechanism is
reported in the Supporting Information (Figure S2). The
first conspicuous result from dynamics is the existence of the
intermediate I1(Mg)/I(Li) as one of minima of the mechanism
pathway. It appears in the range between 50 and 100 fs with a
HOMO orbital involving the lone pair of carbon and the π
orbital of the ethene double bond (see Figure 5a). The
mechanism elapses then through this, confirming the IRC
calculations. In the forward direction, we can deduce that the
cyclopropane begins its formation at approximately 50 fs. The
intermediate I2(Mg) appears at about 100 fs to get transformed
to P(Mg) at about 150 fs. The energy of the mechanism
expressed by the dynamics potential energy follows the same
trends as in the static calculation. Both potential energy

Figure 4. (a) NCI analysis of the intermediary I(Li) of the chlorine
derivative. (b,c) QTAIM analysis of the electronic density and the
energy density respectively of the same compound. (Li: pink, C: light
blue, H: white).

Figure 5. Relative potential energy (in kcal/mol) of the Mg-halocarbenoid mechanism to reactants (a) and to product (b) during ADMP
simulation of 400 fs. The structure of some selected points is reported by their HOMO and LUMO orbitals.
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surfaces (Figures 3 and 5), indicate that although the
carbenoid reactions follow a stepwise energy, they are
extremely favorable, thus with an endoenergetic reaction and
low barriers leading to products. These results confirm that the
reactions need a small activation, and might be the reason why
carbenoid reactions are performed at low temperatures.27

To understand the structural and electronic contributions to
the reaction energy profile, we have determined the reaction
force and their associated works that are shown in Table 2 and
Figure 6. Because the progress of the reaction profile could not
overpass the intermediates in both reactions (Li and Mg), the
following analysis will be exclusively focused on the region
achieved by the IRC calculation. Therefore, the relative
energies and barriers are calculated from now on at this level
of theory, taking as reference the intermediates I(Li)/I(Mg). It
is to note that the trends with the calculation at the G4-level of
theory reported in Figure 3 are conserved.
The first conspicuous conclusion from the energy profile is

that the primary structural reorganization at the transition state
oscillates in the range 4.3−8.0 kcal/mol. In fact, focusing on
this step and going deeper on the force profile analysis, we can
shed some light on more aspects. Hence, by evaluating the
energy and the force profile, the structural reorganization with

respect to the electronic reorganization presents about 70% of
the activation energy in lithium carbenoids at the determinant
step of the reaction. This analysis is reinforced when the works
corresponding to each zone of the reaction profile are
evaluated. As it can be appreciated in the Table 2 which can
be confirmed by the values reported in Figure 3, the reaction is
highly exothermic. The halogen electronegativity affects
slightly the global activation barriers if the reactant [R(Li)]
is taken as reference see Figure 3. However, if we analyze the
profile from I(Li) to the products, we can notice that fluorine
derivative is the less reactive species in the lithium carbenoid
reaction, whereas in the Mg counterparts it appears the most
reactive. In the former the energy barrier accounts for the
highest activation energy in the lithium set (about 6.2 kcal/
mol) while in the latter it accounts for the smallest barrier in
the Mg set (about 4.2 kcal/mol). Chlorine and bromine
derivatives in the lithium reaction present similar reactivity
whereas in the Mg homologues chlorine is slightly more
reactive than the bromine derivative. The electronic rearrange-
ment in global trending is similar in all of the reactions
considered. The work W2 which reflects these changes
oscillates around 2 kcal/mol. However, if we compare its
participation in the activation energy, we found that the

Table 2. Relative Energies, Barriers, and the Works Associated to the Reaction Zones Defined by the Reaction Force Obtained
by IRC Calculations (*) at B3LYP/6-311G(d,p)

ΔE° (kcal/mol) ΔE⧧* (kcal/mol) W1 (kcal/mol) W2 (kcal/mol) W3 (kcal/mol) W4 (kcal/mol)

Li−F −64.96 6.18 4.23 (68.45%) 1.95 (31.55%) −33.74 −37.40
Li−Cl −66.11 4.70 3.25 (69.15%) 1.45 (30.85%) −33.41 −37.40
Li−Br −63.20 4.97 3.47 (69.82%) 1.50 (30.18%) −33.78 −34.39
Mg−F −58.80 4.21 3.01 (71.49%) 1.20 (28.51%) −31.22 −31.73
Mg−Cl −50.19 8.75 7.26 (82.97%) 1.48 (17.03%) −28.11 −30.73
Mg−Br −46.12 9.30 8.02 (86.23%) 1.31 (13.77%) −28.53 −28.66

Figure 6. Reaction energies and force along the IRC in kcal/mol for Li (a) and Mg (b) carbenoids, black: F, blue: Cl and red: Br.
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electronic rearrangement is about 30% in all of the cases with
exception of Mg−Cl and Mg−Br that present values of 17 and
13%. This result can be understood by the electronegative
capability of the atoms under scrutiny.
With respect to the third and fourth step of the mechanism,

W3 and W4 indicate that the electronic rearrangement is
slightly higher than the structural relaxation in the formation of
the product. These last works might be associated with the
bond breaking and the formation of the cyclopropane, and the
following formation of the complex between the halide salt and
the cyclopropane.
We have so far obtained the energies and the contributions

to the main step of the cyclopropanation reactions. However, it
is necessary to understand the electronic rearrangements
during both reactions and the nature of the reactive
intermediaries.
For the electronic analysis, we have used the REF formalism

over the IRCs calculations from I(Li) to P(Li) on lithium and
from I1(Mg) to I2(Mg) on magnesium carbenoids. The plots
of the reaction electronic flux are shown in Figure 6, using the
geometries given by the IRC calculations. For all of the
systems, this index starts at the reactant zone, indicating that
the electronic phenomena are coupled to the structural
rearrangements. Most of the changes are concentrated at the
transition state. For both Li−X and Mg−X profiles, some
electronic activity at the product zone was observed which
might be associated with the rotation of the cyclopropane to
attain the product. The sign of the flux in this region indicates
a spontaneous reaction step, which might be representing bond
strengthening/formation. In other words, it could denote the
interactions that appears between the metal (Li, Mg) and
cyclopropane at the product or intermediary I2(Mg) in the
case of magnesium.
With alkyl magnesium carbenoids, all of the systems present

changes condensed at the same points of the IRC, indicating a
spontaneous rearrangement, followed by a nonspontaneous
change that might be associated with the detachment of the
CH2 group in order to form the cyclopropane. With lithium,
we found mild changes that follow the same trend; this might
be attributed to the electronic nature of the alkyl lithium
carbenoid, and analyzing the charges of the systems, the CH2
radical has less electronic charge (∼0.8|e|) in contrast to their
magnesium counterparts (∼1.0|e|).
Having explored all of the stationary structures of the

potential energy surface of the lithium and magnesium
carbenoids, it appears necessary to close our study by a
discussion of the complexation in products. In other words,
lithium and magnesium bonds with cyclopropane are of a great

relevance to be analyzed. In fact, in the cyclopropane the
interaction is provided by σC−C to the metal which is
underlined by a great electronic donation from the σC−C
orbital to the empty antibonding orbital σM−X* (see Figure 7).
The second-order perturbation analysis in the NBO population
quantifies this donation by approximately 2.3 kcal/mol for
lithium, whereas for magnesium it is about 1.6 kcal/mol for
each Mg−X bond in the case of chlorine derivatives.
It is worth to mention that the interaction between the metal

and cyclopropane has been also explored by QTAIM and ELF
techniques. The presence of a BCP and trisynaptic basin in the
interaction region is a great proof of that (see Figure 8). The

effect of halogen substitution is noticeable in the lithium
bonding because the electronic density in the BCP between
the metal and cyclopropane increases when moving from the
most electronegative halogen (F) to the least electronegative
one (Br). It is clear that the nature of halogen plays an
important role in the interaction. In fact, the high electro-
negativity of the halogen apparently disfavors the complexation
of lithium to the cyclopropane. These results can be ratified if

Figure 7. Reaction electronic flux in lithium and magnesium carbenoids X = F (black), Cl (blue), Br (red).

Figure 8. Electronic donation deduced from second-order NBO
perturbation analysis in the orbital interactions between cyclopropane
and LiCl and MgCl2.
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the binding energies involved are analyzed in each case. In fact,
the binding energies of LiX and cyclopropane are about 8.8,
10.9, and 11.6 kcal/mol for F, Cl, and Br, respectively. In the
case of magnesium complexation even with two halogen atoms
attached to the metal, the perturbation to get a complex
appears minimal. The electronic densities of the bond critical
points and the binding energies of each association can
demonstrate it (Figure 9).

■ CONCLUSIONS
In this study, we have presented the cyclopropanation
reactions on magnesium and lithium carbenoids substituted
with halogens (F, Cl, Br) with ethylene at the G4 theory level.
We found that all of the Li and Mg reactions are stepwise with
intermediaries that are basically in between the transition states
and do not differ in more than 4 kcal/mol from the reactants
and products. Our findings suggest a new mechanism of the
cyclopropanations by Li and Mg carbenoid.
The Li and Mg reactants are formed by an electrostatic

interaction of the π bond with the electron-deficient metal
coming from the carbenoid. These results were confirmed by
QTAIM, ELF, and NBO analysis.
The inspection of the works given by the reaction force at

the determinant step indicated that the structural work defines
the barrier height, being the highest at Mg carbenoids and
associated with the transposition of the methyl group and

rearrangement of the carbenoid in order to get the transition
state.
The REF analysis pointed out that the electronic rearrange-

ments occur mostly at the TS zone where all of the bond
forming and breaking take place and are characterized by a
spontaneous flux at the beginning of the TS zone and a
nonspontaneous by the end of the same zone. At the products
zone, there is some electronic activity related to the
rearrangement of the cyclopropane in order to give a complex
with the halide salt I(Li) and I2(Mg). The QTAIM, ELF, and
NBO analysis indicated that an electrostatic interaction
between the cyclopropane and the halide lithium and halide
magnesium salt is formed.

■ COMPUTATIONAL DETAILS
The optimization of the stationary points of the complexes
under study was achieved at the G4-theory level, using a
composite technique based on B3LYP-optimized geometries
that provides final total energies at an effective CCSD(T,full)/
G3LargeXP + HF limit level.47 The connection between
reactants and products was established by applying the IRC
procedure at the B3LYP/6-311G(d,p)48,49 level of theory,
taking into account more than 180 points far from the
transition state in each direction. In order to test our
assumptions, dynamic simulation was done for some selected
systems. ADMP molecular dynamics44−46 was chosen with
simulation time of 400 femtosecond and an initial kinetic
energy about 6.3 kcal/mol. The selection of the velocities and
momentums along the transition-state coordinate is done
randomly.
All of the calculations have been carried out by means of

Gaussian 09 series of programs.50 The electronic population
analysis was done by the QTAIM,51,52 by using the AIMall
program,53 NBO,54−56 and the ELF57−59 using TopMOD suite
of programs.60 To highlight the weak interaction, we used the
NCI method proposed by Contreras-Garciá et al.61
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Theoretical study of C-arylations with aryl halides
to determine the reaction mechanism, the effect
of substituents and heteroatoms†

Rocı́o Durán, a Nicolás Núñez-Navarro,bc Flavia C. Zacconibd and
Barbara Herrera *a

Carbon arylations are very important in the pharmaceutical industry. New synthesis routes are often

studied with the objective of trying to insert new bonds and substituents into an organic framework.

Ullman reactions have been very useful in this context. In light of this, a wB97XD/6-311g set of Ullman-

like reactions among substituted amide arylations with iodoaniline were theoretically studied in order to

understand their intrinsic reactivity and their reaction mechanisms. The studied systems included

unsubstituted (C), sulphur (S), synthesized by the authors in a previous experimental work. In this study, amino

(NH) and butyloxycarbonyl (NBoc) amides were added. IRC calculations on catalyzed species showed that

the catalyst lowers the reaction barrier, and changes the reactivity in order to lower the nitrogen charge. The

reaction mechanism proceeds by binding the CuI catalyst and N,N-dimethylethylenediamine (DMEN) to the

N lactam, in a barrierless reaction, thereby activating the nitrogen to bond with the aryl iodine through a

nucleophilic substitution, and thus recovering the catalyst.

1. Introduction
Carbon arylations are very interesting reactions in the pharmaceu-
tical industry given that they are the starting materials for several
families of drugs. The synthetic routes for their production have
been studied in order to increase their yields and minimize the
reaction times, thereby reducing the costs1 of synthesis.

With the development of new compounds, it is fundamentally
important that the C–N bond is examined in terms of its relation
to the synthesis of new drugs.2 A lot of work has been done to
create these bioactive molecules, and one of the most popular
reactions is the Ullmann reaction.3 This reaction consists of
coupling aryl halides by using copper as a catalyst. This product
is then used as a starting material for the production of the
desired drug through further biological assays.1 The reaction was
first performed by Fritz Ullmann in 1901. Ullmann allowed for
the coupling of two 1-bromo-2-nitrobenzene units through the
formation of a C–C bond using copper as a catalyst.3

A few years later, Irma Goldberg developed a new reaction in
accordance with Ullmann’s procedures and was able to couple
potassium 2-aminobenzoate with 4-bromobenzene. The halogen
substitution was done with the nitrogen atom in the C–Br bond,
thereby producing a new C–N bond.5 This allowed for the synthesis
of several new compounds and enhanced the importance of C–N
bond production.

Over the years the original reactions were subsequently
modified to improve the yields and synthesis conditions.

Recently, Núñez-Navarro et al.4 have synthesized 4-C, 4-O
and 4-S lactams with an aromatic amide substituent by using a
microwave-assisted modified Ullmann reaction (Fig. 1). The
overall aim being to obtain new antineoplastic drugs.2

Núñez-Navarro et al.4 reported that there are changes to the
yield and the conditions depending on the halogen atom, and
lactam heteroatom (Y). When the synthesis methodologies were

Fig. 1 Different lactams synthesized by using a recently modified Ullmann
reaction.1
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† Electronic supplementary information (ESI) available. See DOI: 10.1039/c8cp07752e

Received 19th December 2018,
Accepted 18th April 2019

DOI: 10.1039/c8cp07752e

rsc.li/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 N
ot

tin
gh

am
 T

re
nt

 U
ni

ve
rs

ity
 o

n 
8/

1/
20

19
 5

:0
2:

12
 A

M
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-2190-3984
http://orcid.org/0000-0003-1911-4473
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cp07752e&domain=pdf&date_stamp=2019-05-06
http://rsc.li/pccp
https://doi.org/10.1039/c8cp07752e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP021019


10164 | Phys. Chem. Chem. Phys., 2019, 21, 10163--10170 This journal is© the Owner Societies 2019

changed (Fig. 2), it can be seen that most of the reactions were
performed by using CuI as a catalyst, a bidentate ligand (N,N-
dimethyl-ethylenediamine, N,N0-dimethyl-ethylenediamine) and
microwave reactor for two hours. The results reported indicated
different behaviors for the substituted lactams, indicating that the S
substituted ring used the methodology with the mildest conditions
and the best yield in the set of reactions. The differences in the
reactivity of the synthesis were determined by further steps. However,
many questions remain unanswered during the experimental work.
In order to understand how the structural differences, lead to
differences in reactivity in the chosen system, a reaction mecha-
nism, and subsequent synthesis methodology2 was determined.

In order to explain and predict the possible products, there
are four proposed experimental mechanisms for the Ullmann
type reactions. The first proposed mechanism, Single Electron
Transfer (SET), involves radical intermediates and redox Cu(I)/
Cu(II) couples. The second considers a metathesis reaction
through a Cu coordination to the halogen atom with the aryl
halide producing the four-membered cyclic transition state.
The aromatic nucleophilic substitution is the third accepted
mechanism in which the Cu(I) produces a p-coordinating
intermediate with the aryl halide to induce a more electrophilic
position for the corresponding substitution. The last mechanism
is the oxidative addition-reductive elimination cycle via direct
oxidation with Cu(III) intermediates.1,3–9

Several theoretical studies have been done to analyze and
determine the reaction mechanisms. These studies have shown
the importance of Cu–aryl ligand stabilization, the intermediates
generated via caged radicals and the SET mechanism by using DFT
calculations.3,10,11 The use of carbonate as a partially soluble base
was used to increase conversion and decrease the side product5

and the possible actions of carbonate and phosphate ions acting
as bidentate ligands in the catalytic cycle monitored by FTIR and
DFT thermodynamic studies.12,13

With the aim of further understanding the experimental
mechanism and to move towards a more rational synthesis of
C–N bonded systems using the Ullman reaction, the four systems
were studied. Two have already been reported in a previous work
(X = C and S),1 and two were considered as good candidates for
the presented synthesis paths, where X = NH2 and the N-tert-
butyloxycarbonyl (NBoc) groups. This study was done by using a
model reaction as shown in Fig. 2. In order to do this work, these
reactions were studied taking into consideration the isolated
reactants and the reactants along with the use of copper catalyst.
The aim was to assess the influence of the CuI system on the
reaction mechanism and the changes in reactivity of the
molecules involved. The reactivities of the isolated systems
and the catalyzed reactants were compared. Their reactions
were then plotted along the intrinsic reaction coordinate (IRC)
to determine the reaction mechanism by exploring the reaction
energy profile of this reaction. It was important to understand
and predict the possible paths in which the reactions might
undergo, especially the last two substituents that were not
being tested in the laboratory.

The reactivity indexes in the framework of conceptual Density
Functional Theory (DFT) were analyzed to help understand the
chemical reactivity of any given system. Reactivity indexes such as
chemical potential (m), hardness (Z), and electrophilicity index
(o), are in particular, good descriptors to understand intrinsic
chemical reactivity, indicating the global and local susceptibility
of a molecule that might participate in a chemical reaction. In
addition to this, a total of eight reactions on the intrinsic reaction
coordinate (IRC) were studied to understand the reaction
mechanism using the same model. This was done in order to
test whether the reaction force framework helps to indicate the
overall reactivity. Concerning the role of the catalyst, the sub-
stitution and understanding of how the activation works is very
important when analyzing the reactions.

In this paper, Section 1 will outline the theoretical tools on
which we have based our analysis. Section 2 will include theoretical
details of this study. Section 4 will be devoted to the Results and
discussion of this work, and finally, Section 5, is the Conclusion.

2. Theoretical framework
The theoretical description of a chemical system is a powerful
tool to describe and understand the reaction mechanism of a
reaction or the intrinsic reactivity. In this context, conceptual
DFT was used, which includes concepts based on empirical
descriptions such as electronegativity, chemical potential,
hardness and electrophilicity. These are based on the complete
theoretical description of the molecular density, an experimental
observable.

2.1. Electronic chemical potential

The electronic chemical potential indicates the escaping tendency
of electrons from an electronic cloud. In an analogy with the
thermodynamic chemical potential, the tendency of electrons
going from sites of high chemical potential to low chemical

Fig. 2 Reactions under study, where X = C, S, NBoc, NH. (a) Non-
catalyzed reaction, where the aryl iodine is inserted into the lactam in a
single step, and (b) catalyzed reaction, this last reaction occurs in two steps.
First a process without a barrier, and second, the 4-aryliodine insertion into
the first reaction product.
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potential is associated with the negative of the electronegative
defined by Mulliken.14

m ¼ @E

@N

! "

vð~rÞ
(1)

Given the discontinuity of the energy with respect to the
number of electrons, this index is quantified by the finite difference
approximation and the Koopmans theorem,15,16 giving:

m $ Iþ A

2
$ eLUMO þ eHOMO

2
(2)

where the chemical potential is associated to the ionization
potential and the electron affinity, and to the energies of the
LUMO and HOMO molecular orbitals.

2.2. Chemical hardness

This index indicates the resistance to deformation of an electronic
cloud. It is defined by the derivative of the chemical potential
with respect to the number of electrons at a constant external
potential.17

Z ¼ @m
@N

! "

vð~rÞ
¼ @2E

@N2

! "

vð~rÞ
(3)

The same as for chemical potential, in order to quantify this
index, the finite difference approximation and the Koopmans
theorem was used.14–16

Z E I & A E eLUMO & eHOMO (4)

In relation to the above defined chemical potential and
hardness, Parr et al., proposed the electrophilicity index. This,
is defined as the stabilization of energy that a system acquires
when it is saturated by external electrons.18

o ¼ m2

2Z
(5)

2.3. Reaction force

Firstly, to characterize reaction mechanisms, it is necessary to
follow the reaction along a reaction coordinate and monitor the
systems properties at each point along it. The most important
property is the energy. This gives information about the reaction
energy (DE1) and the height of the reaction barrier (DEa),
thereby reaching the thermodynamic and the kinetic reaction
with few transformations.

When derivating the reaction energy, this leads to the Hellman–
Feynman reaction force. This is a global property that helps to give
useful information about the chemical events that are taking place
in any given reaction.19–26

F xð Þ ¼ &@E
@x

(6)

In a single step potential, this index presents two critical
points. First, a minimum x1 that defines the reactant zone,
(from xR to x1) where the structural rearrangements occur.
Second, the maximum of the reaction force, x2. From x1 to this
last point is defined as the transition state zone, where all the

electronic rearrangements take place. From x2 to xP, it is
defined as the product zone where structural relaxation of the
system occurs in order to form the products. This concept
defines a rational partition of the reaction coordinate, thus
indicating the activation or de-deactivation of chemical properties.
The critical point of the reaction force defines how the reaction
works. This can be associated with structural (W1 and W4) and
electronic (W2 and W3) rearrangements. All these properties
can be obtained using the work expressions on references given
by Toro–Labbé.20,27

2.4. Reaction electronic flux

The reaction electronic flux comes from the gradient of the
chemical potential. It indicates the electronic reorganization in
a chemical reaction and is defined as:24,28

J xð Þ ¼ &@m
@x

(7)

Given the analogy with thermodynamics, this property can
be associated with the spontaneity of the electronic processes. When
J(x) is positive, it may highlight a spontaneous reorganization of the
electron cloud, indicating bond forming or strengthening. When it
is negative, the electronic changes are then non-spontaneous,
meaning bond breaking or weakening.28,29

2.5 Non-covalent interactions (NCI)

The non-covalent interaction (NCI)30–32 is a visualization index
based on the electron density (r) and the reduced density
gradient (RDG, s), and it is defined as:

s¼ 1

2ð3p2Þ1=3
jrrj
r4=3

(8)

The main importance of this index is that helps to under-
stand the stability of the system, based on the counterbalance
between attractive interactions and steric repulsions.

This index can be obtained as a function of the electron
density (r), oriented by the sign of l2 (the second eigenvalue of the
Hessian). Values of r4 0.01 a.u. and l2 o 0 correspond to strong
stabilizing interactions, whereas values r 4 0.01 a.u. and l2 o 0
are identified as strong destabilizing interactions, finally at very
low-density values and is assigned to much weaker interactions.
Weaker interactions are defined at r 4 0.01 a.u. and l2 B 0.

A 3D NCI plots can be obtained for a system in order to rank
interactions, where repulsive interactions are colored in red,
while electrostatic or stabilizing interactions are in blue, and
delocalized weak interactions are plotted in green.

3. Computational details
All the calculations were performed considering non-catalyzed
(Fig. 2a) and catalyzed (Fig. 2b) reactions using CuI and
N,N-dimethyl-ethylenediamine (DMEN), on four different substituted
lactams. The calculations were performed using DFT/wB97XD/
6-311G(d,p)33 as a basis set for light atoms and LanL2DZ34–36 to
treat iodine atoms at Gaussian 09.37 All stationary states were
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confirmed by vibrational frequencies. Intrinsic Reaction Coordinate
(IRC)38 calculations were also performed on the complete set
of reactions.

Chemical potential (m), hardness (Z)16 and electrophilicity
index (o),18,39 were calculated using HOMO and LUMO energies.
Electrostatic potential,40 population analysis via NBO41 using the
routines available in Gaussian 09,37 and non-covalent interactions
(NCI) using NCIplot42 calculations, were also performed.

4. Results and discussion
4.1. Electronic chemical potential

Table 1 lists the chemical potential of all the species studied.
The electronic chemical potential is shown to be lower with the
inclusion of the catalyst in the molecular structure of the
lactam. It is about 0.5–1.0 eV from the isolated reactant that
being NBoc, and the system that changes the most upon the
use of a catalyst with NH being the species less changed.

This index indicates the escaping tendency of electrons from
sites of high chemical potential to low chemical potential.
Thus, by plotting the chemical potential among all the lactams
in contrast to the aryl iodine, we can have an idea of the
direction of the electronic transfer. In Fig. 3, the lactams are
plotted against the aryl Iodine. Here it can be seen that the
electronic transfer goes from sites of high m to low m, but in
most of the systems it goes from the lactam to the aryl iodine.
This being therefore an indicator of a possible nucleophilic
attack on the lactam nitrogen by the aryl iodine. It is interesting
to note that mostly all the systems have a larger chemical

potential than the aryl Iodine. The NBoc system is the only
one that when used with the catalyst, it changes its chemical
potential, reversing the direction of the electronic motion.

4.2. Chemical hardness

Chemical hardness indicates the tendency of deformation of an
electronic cloud, and is a good index to indicate the reactivity of
a system. In Table 1, it is noted that the system becomes more
reactive upon the use of the catalyst. The hardness changes
dramatically around 2 eV in all of the systems. According to
Pearson’s definition,43,44 the harder systems are less able to react,
in contrast to softer systems.31 It is interesting to note that
without the catalyst, the order of reactivity is NH E NBoc 4
C 4 S. Using a catalyst, the reactivities differ slightly and there is
not a preference for a determined system. Nonetheless, it can
only be concluded that the use of the catalyst enhances the
reactivity of the lactams. Intrinsic reactivity is not the only factor
which indicates if the reaction will be favorable. Other factors
must be included, such as the electrophilicity index and the
analysis of the reaction coordinate in order to understand the
reaction mechanism and other structural and electronic systems.

4.3. Electrophilicity index

In order to understand more the ability of accepting and
receiving electrons, the electrophilicity index values given in
Table 1 were analyzed. This index indicates the tendency to
accept electrons in an equilibrium system, which along with m
and Z, is a descriptor of the nature or the intrinsic reactivity of a
given system. The electrophilicity index of all the non-catalyzed
and the catalyzed reactions were plotted, using o of 4-iodoaniline
as a reference in Fig. 3(c). In this plot, the difference between the
reacting systems was noted. The iodoaniline being the most
electrophilic system, and as the chemical intuition indicates, it
should react with a nucleophile, represented by the lactams in this
study, which are all less electrophilic than 4-iodoaniline.

Upon the use of a catalyst, the lactams presented lower electro-
philicity values than the non-catalyzed systems. The gap between
the reactants was enlarged, indicating that the use of bidentate
copper iodine, contributes to the overall nucleophilic tendencies.

4.4. Electrostatic potential

In order to understand the local reactivity and the differences
between the systems studied, the electrostatic potential was
determined, and it is shown in Fig. 4. This gave the most

Table 1 Chemical potential (m), hardness (Z), and electrophilicity index in
(o) the studied systems. All energies are represented in eV

System m (eV) Z (eV) o (eV)

Non-catalyzed
C &3.1 11.4 0.3
S &3.2 11.5 0.4
NH &3.5 11.2 0.6
NBoc &3.0 11.2 0.4

Catalyzed
C &2.4 8.6 0.3
S &2.5 8.6 0.4
NH &2.4 8.6 0.3
NBoc &2.5 8.6 0.4
4-Iodoaniline &3.2 5.0 1.1

Fig. 3 Electronic chemical potential (a) chemical hardness (b) and electrophilicity index (c) at the non-catalyzed (black dots) and the catalyzed (red dots)
in terms of the 4-iodoaniline chemical potential (dashed blue line). All values are in eV.
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preferred sites of electronic accumulation/depletion in a given
system. The most negative sites are plotted in blue, while the red
zones indicate low electrostatic potential or electron depletion.

It is known that the nucleophilic ability of these lactam
systems is given by the ring nitrogen, which should react when
it is confronted with the aryl iodine system. As the Fig. 5 shows,
there is neutral zone at the nitrogen atom (yellow) on the isolated
lactam. As it is shown, using the catalyst the reactive aryl nitrogen
gets activated along the use of a catalyst, showing more negative
electrostatic potential, making the N of the lactam activated to act
as a nucleophilic site on the molecule. When observing the
reactivity at the non-catalyzed systems, C and S are the molecules
with higher MEP. On catalyzed systems, S and N lactams are more
reactive, in agreement with our results at experimental level.

4.5. Reaction energies

The reaction energies in Fig. 5(a and b) were plotted to elucidate
the mechanism of the C–N coupling of the four lactams
(S, NBoc, NH). For the non-catalyzed reaction (Fig. 6a), the energetic
analysis indicates that all the reactions are concerted and exergonic,
and their reaction energies are listed in Table 2. The reaction
mechanism proceeds by a concerted transition state that represents
an aromatic nucleophilic substitution, with the nitrogen of the

lactam substituting the iodine in order to form the coupling
products, thus confirming the experimental evidence of the reaction
mechanism.2 The most favorable reaction was with the unsub-
stituted lactam. This was very closely followed by S lactam, which
was the most successful reaction in terms of the experimental
conditions and yield, with a barrier of 49.6 kcal mol&1, and
NBoc, that enhanced the barrier by 8.4 kcal mol&1.

With regard to the reactivity differences of the four lactams,
it is important to emphasize that experimentally the S-lactam
was the most reactive of the series, and this IRC calculation
does not show a large difference in the unsubstituted system. By
way of contrast, the catalyzed reaction proceeds by a first barrier-
less process where the catalyst Cu–I and DMEN occurs. There is
then a second kinetic step, whereby a nucleophilic substitution
occurs between the lactam and the aryl iodine system. In Fig. 6b,
the reaction energies show a drastic change on all the energies by
which all the reactions are endoenergetic and the barriers lower by
30%. The order in which the systems react is S o NBoc o C o N,
agreeing with experimental results. The effect of the catalyst
implies a lowering of the barrier and the reaction energies as a
consequence of what has been discussed throughout this section.
In summary, each lactam is softer and less electrophilic.

The reaction force on the four systems has also been
calculated, as shown in Fig. 5c and d. As has been discussed,
all the couplings are presenting the same reaction mechanism,
showing the same critical points.

The work associated with the reaction profiles, coming from
the reaction force plots, are shown in Table 2. As the table

Fig. 4 Changes to the electrostatic potential among non-catalyzed and
catalyzed systems. Blue indicates zones of high electrostatic potential; red
zones indicate low potential.

Fig. 5 Energy profiles of (a) non-catalyzed and (b) catalyzed reactions.
Reaction force (c) non catalyzed; (d) catalyzed along the IRC for the
coupling of C (purple), S (black), NBoc (orange) and NH (blue) lactams
and iodoaniline. All values are shown in kcal mol&1.

Fig. 6 Reaction electronic flux (a) non-catalyzed; (b) catalyzed, atomic
charges at the reaction zone (c) non-catalyzed; (d) catalyzed, and natural
bond orders (e) non-catalyzed; (f) catalyzed, along the IRC for the coupling
of C (purple), S (black), NBoc (orange) and NH (blue) lactams and iodoaniline.
All values are shown in kcal mol&1.
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indicates, the structural work determines the reaction barriers.
However, they differ in extension in the catalyzed reactions,
where the structural rearrangement is around 80% of the
barrier. On the other hand, the electronic work in order to
achieve the TS in the catalyzed reactions, is half the electronic
work associated to the non-catalyzed barriers. This indicates
that the electronic influence of the copper catalyst is favoring
the nucleophilicity of the lactam, thus lowering the barrier.

4.6. Reaction electronic flux

The reaction electronic flux along the reaction coordinate for both
non-catalyzed and catalyzed systems as shown in Fig. 7(a and b)
has been calculated. As can be seen, at the non-catalyzed reactions,
the reaction starts with a spontaneous reaction electronic flux that
peaks at the reactants zone, indicating a strengthening or the
formation of a bond. At the TS zone, the reaction electronic flux
shows negative values indicating breaking or weakening of the
bond. Furthermore, it is zero at the products zone, indicating an
equilibrium of the electronic cloud. On the other hand, the
catalyzed system has quite a similar behavior, but narrower around
the TS zone. It shows a narrower positive flux, a non-spontaneous
electronic rearrangement along the TS zone and it finishes at the
transition state zone with a spontaneous flux.

4.7. Electronic population analysis

In order to understand these changes, especially local reactivity, the
atomic charges (Fig. 6c and d) and the bond orders (Fig. 6e and f)

have been plotted. As can be seen at the atomic charges, they
change around the transition state with the exception of carbon
and nitrogen of the non-catalyzed system, which can indicate
the spontaneous change of the flux at this stage of the reaction.
Interestingly, when going from the non-catalyzed to the catalyzed
system, the copper–aryl-ligand triad acts by lowering the nitrogen
charge. It becomes more nucleophilic and more reactive towards
iodoaniline, thereby favoring the reaction.

When analyzing the NBO populations displayed in Fig. 6(e and f),
it was noted that the mechanism of the nucleophilic substitution is
concerted with a 4-member TS on the non-catalyzed reactions,
where N and C are very close together and demonstrates a
hydrogen bond with iodine. On the other hand, the catalyzed
reaction shows there is a 4-member TS which involves an
attractive interaction of the copper and the ligand towards
the iodine and the N and C that will form the N–C bond and
the condensation product. From the population analysis, at the
TS zone almost all the bonds changed to give the final product
the non-catalyzed reaction. Only the HI bond was weakly formed
and weakly bonded at the products zone, as shown by the
NBO populations. With the catalyzed systems, the bond orders
changed only along a narrow TS zone, moreover in a synchro-
nized way. After this addition, the reaction products recovered
a weakly Cu–I complex as a product, dissociating from the
reaction products at the product zone.

4.8. Non-covalent interactions

Fig. 7 displays the non-covalent interactions (NCI) of the series
of eight transition states. First, it can be seen that all of them
represent a nucleophilic substitution, whether they are catalyzed
or not. The differences were seen by the electronic indexes and by
this interaction analysis. For the non-catalyzed reaction, the
NCI29 index and the atomic distances show that the N–C bond
is weakly formed at the TS. In addition, the interactions between
the rings are mostly repulsive (red basins), indicating that the
systems have to overcome this repulsion in order to form the
products, contributing to high barriers. With the catalyzed
reactions, there are more attractive interactions such as electro-
static (blue) especially with copper and iodine, and with carbon
and nitrogen. They are close enough to create an attractive
interaction to form the bond, indicating that the Cu–aryl ligand
addition assists the system with increasing the electrostatic
interactions. In addition, the van der Waals interactions which
favor the NH and NBoc systems, lower the barrier thereby
allowing all the reactions to occur in the presence of a catalyst.

5. Conclusions
Ullman-like reactions of DFT/wB97XD/6-311g and LanL2DZ for
heavy atoms such as iodine substituted lactam arylations with
4-iodobenzene have been studied. The objective was to examine
the intrinsic reactivity of previously studied unsubstituted (C),
sulphur (S) along with amino (NH) and t-Butyloxycarbonyl
(NBoc) systems. This was done in order to predict their behavior,
and to analyze their reaction mechanism with and without the

Table 2 Reaction barriers, reaction energies, and works associated with
the activation of the reactions. All values are given in kcal mol&1

System DEa DE1 W1 W2

Non-catalyzed
C 49.7 13.2 34.0 (68%) 15.7 (32%)
S 51.0 13.4 34.9 (68%) 16.1 (32%)
NH 54.6 16.6 35.9 (66%) 18.7 (34%)
NBoc 58.0 20.6 39.9 (69%) 18.1 (31%)

Catalyzed
C 44.3 &25.3 36.7 (83%) 7.60 (17%)
S 40.0 &26.7 32.5 (83%) 7.50 (17%)
NH 40.3 &28.9 33.2 (82%) 7.08 (18%)
NBoc 40.8 &15.5 30.6 (75%) 10.2 (25%)

Fig. 7 Non-covalent interactions (NCI) plots on the eight transition states.
Red indicates steric repulsions, blue electrostatic and green, van der Waals
interactions.
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use of a copper catalyst, and then to be able to apply this
knowledge to the design of the synthesis of new arylations.

Intrinsic global reactivity using m, Z and o, have been
studied. This indicated that when adding the catalysts, all the
lactams become more reactive, they increase the electron transfer,
decrease the hardness and make the systems more nucleophilic.
The catalyst makes no difference on reactivity among all the
substituted systems. However, S and NH substituted lactams
behave as good candidates for synthesis.

When analyzing the electrostatic potential, it has been
observed that the nitrogen reactivity towards an electrophile
is increased when using the catalyst. The copper complex binds itself
to the nitrogen, enhancing its negative charge, thus augmenting its
electrostatic potential specially at S and NH systems.

IRC calculations were also performed showing that the
reaction mechanism proceeds by a concerted nucleophilic aromatic
substitution, where the lowest energies and barriers are presented at
S and NH amides. The use of the catalyst lowers the energy and
barriers in all systems, reflected by a lower electronic activation
work. This activation is produced by the decrease of the lactam
nitrogen charge. The higher electrostatic and van der Waals inter-
actions were induced by the copper catalyst at the transition state.
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Católica de Chile for the Beca VRI-UC (2017) and NN-N also
thanks CONICYT-PCHA/Doctorado Nacional/2018-21181735.
We also want to thank Ruth A Clyndes for the English version
of this manuscript, and the referees for their kind advice.

References
1 E. A. Lewis, M. D. Marcinkowski, C. J. Murphy, M. L. Liriano,

A. J. Therrien, A. Pronschinske and E. C. H. Sykes, Chem.
Commun., 2017, 53, 7816–7819.

2 N. Núñez-Navarro, G. Segovia, R. Burgos, C. Lagos, N. Fuentes-
Ibacache, M. Faúndez and F. Zacconi, J. Braz. Chem. Soc., 2016,
28, 203–207.

3 C. Sambiagio, S. P. Marsden, A. J. Blacker and P. C. McGowan,
Chem. Soc. Rev., 2014, 43, 3525–3550.
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ABSTRACT: An integral part of modern organocatalysis is
the development and application of thiourea catalysts. Here,
as part of our program aimed at developing cyclopropenium
catalysts, the synthesis of a thiourea-cyclopropenium organo-
catalyst with both cationic hydrogen-bond donor and
electrostatic character is reported. The utility of the this
thiourea organocatalyst is showcased in pyranylation reactions
employing phenols, primary, secondary, and tertiary alcohols
under operationally simple and mild reaction conditions for a
broad substrate scope. The addition of benzoic acid as a co-
catalyst facilitating cooperative Brønsted acid catalysis was
found to be valuable for reactions involving phenols and higher
substituted alcohols. Mechanistic investigations, including
kinetic and 1H NMR binding studies in conjunction with density function theory calculations, are described that collectively
support a Brønsted acid mode of catalysis.

■ INTRODUCTION
Organocatalyzed processes offering broad chemical scope,
chemo-, regio-, and/or stereoselectivity and rapid reaction
rates are a major theme of modern-day catalysis.1,2 On this
front, small-molecule hydrogen-bond (H-bond) donors, such
as (thio)urea organocatalysts, hold a prominent status owing to
their ability to access various modes of H-bond electrophilic
activation, in conjunction with other noncovalent interactions
(e.g., electrostatic interactions,3 π−π,4 cation−π,5 hydro-
phobic,6 and van der Waals forces7). Linked to this privileged
role, however, has been differing views of their function as
organocatalysts. For instance, early perceptions held (thio)urea
Z,Z-conformations8 enabling dual H-bond donor activation
were vital for promoting catalysis, while in more recent times,
the salient catalytic role of other (thio)urea rotomers (e.g., E,Z
and Z,E-conformations) has emerged.
Despite this complexity, (thio)urea-mediated LUMO-low-

ering activation,9 ion-pair catalysis,3a,10 dual H-bond donor/
Lewis base catalysis,11 Brønsted acid catalysis,8c and cooper-
ative catalysis12 among others have been reported. Electro-
statically enhanced thiourea catalysis13 is another recent
addition, allowing for enhanced reaction rates, much like that
available using well-established cationic H-bond donors, such
as amidinium,14 ammonium,15 guanidinium,16 pyridinium,17

and quinolinium ions.18

Given this basis and our established interest in the chemistry
of cyclopropenium systems, we sought to develop the
cyclopropenium augmented thiourea (1) (Figure 1A).
Motivating this enterprise was the premise that 1 would
exhibit both cationic H-bond donor (domain A) and
electrostatically enhanced character due to the presence of
the cyclopropenium ring (domain B), in addition to a Lewis

basic sulfur atom that could serve as a H-bond acceptor
(domainC). A view supported by computed natural bond order
(NBO) charges and the electrostatic potential (ESP) surface of
envisioned 1 (Z,Z-conformer), with positively charged N−H

Received: September 7, 2018
Published: October 23, 2018

Figure 1. (A) Cyclopropenium as a new charged domain for thiourea
catalysts. (B) ESP surface with isodensity value 0.0001 au (left-hand
side) and computed NBO charges of select atoms of thiourea 1 at the
B3LYP/6-31G+(d,p) level of theory (right-hand side). (C) General
conditions for the pyranylation of alcohols and phenols using thiourea
catalyst 1·BF4−.
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hydrogens and cyclopropenium ring carbon atoms (Figure
1B). Exploring this concept further, we report herein the first
cyclopropenium thiourea and its application as a Brønsted acid
catalyst for the synthetically important pyranylation of alcohols
and phenols (Figure 1C).

■ RESULTS AND DISCUSSION
At the outset of this study, the synthesis of our envisioned
thiourea was investigated, ultimately leading to a short
preparative route involving the treatment of phenyl isothio-
cyanate with 2,3-bis(diisopropylamino)cyclopropenimine in
CH2Cl2 affording 1·BF4− in 44% isolated yield (see SI).
Subsequent, X-ray diffraction studies on a single crystal of 1·
BF4

− revealed several interesting features, viz., a Z,Z-
conformation and short intermolecular contacts between the
thiourea N−H hydrogen atoms and BF4− counterion such that
N(4)−H(4)···F(1) = 2.312 Å and N(3)−H(3)···F(2) = 2.003
Å (Figure 2a). Furthermore, the phenyl and thiourea groups

were coplanar (θC(16)−N(4)−C(17)−C(22) = 174.4(4)°), consistent
with extended π-conjugation, while in contrast, the orthogonal
(θC(16)−N(3)−C(3)−C(1) = 87.7(5)°) alignment of the cyclo-
propenium ring and the thiourea functionality was indicative of
poor π-conjugation. Supporting this bonding scenario was a
slight lengthening (∼0.03 Å) of the N(3)−C(16) bond
distance when compared to the N(4)−C(16) distance of
1.352(4) Å. Meanwhile, the computed acidity of the N(3)−
H(3) group (pKa = 5.42 in DMSO) was considerably greater
than the N(4)−H(4) group (pKa = 11.7 in DMSO),
presumably as a result of the electrostatically enhanced H-
bond donor capacity conferred by the adjacent positively
charged cyclopropenium moiety (Figure 2b, see SI for details).
Having insight into the structural and physical properties of

thiourea 1·BF4−, we next explored its use as a catalyst for the
pyranylation of alcohols (2) with dihydropyran (DHP) (3).
Initial efforts to facilitate the pyranylation of alcohols consisted

of using benzyl alcohol (2a) and 3 as substrates in dilute
conditions (0.5 mM in alcohol and 1.0 mM in dihydropyran),
which led to poor conversion rates even after 12 h (Table 1,

entries 1 and 2). A phenomenon presumably resulting from
the lack of interactions between the substrates and the catalyst,
which speaks to the molecularity of the reaction. To
circumvent this issue, we subjected the substrates of interest
and catalyst to different reaction conditions that were more
optimal involving low catalyst loading (1 mol %) and more
concentrated reaction conditions (1.0 mM in alcohol and 2.0
mM in dihydropyran), affording full conversion of 4a in 3 h
(Table 1, entry 3). Furthermore, these conditions were then
applied using reported electrostatically enhanced thiourea, 1-
methyl-3-(3-phenylthioureido)pyridinium iodide13 (1 mol %),
which resulted in no conversion after 6 h. Next, the use of
solvent-free conditions and a 1:2 reagent stoichiometry
provided a similar reaction outcome, though a slightly longer
reaction time was required (Table 1, entry 5). Notably, there
was a 3-fold rate acceleration in comparison to Schreiner’s
reported thiourea pyranylation of 2a under the same solvent-
free reaction conditions.19 Also, apparent from the optimiza-
tion studies was the observation of catalyst inhibition in the
presence of a chloride counterion (Table 1, entries 7 and 8),
attributed to tight anion binding in solution3a,10 as supported
by a downfield shift of the N−H hydrogen atoms of thiourea 1·
Cl− vs 1·BF4− (1H NMR (CDCl3) ΔδNH4 = 2.59 ppm and
ΔδNH3 = 2.84 ppm), (see SI).
With the optimal conditions identified, 1·BF4− was applied

to the reaction of various alkyl- and aryl-substituted primary
alcohols (Table 2). For example, functionalized benzyl alcohols
(2a−g) provided high yields in short reaction times, for
example, p-methyl-substituted 2b provided a 93% yield of
product 4b in 4 h. Likewise, methylene acetal protected
substrate 2c afforded the pyranyl product 4c in 90% yield after
3 h, while the electron-rich p-methoxy- and 3,5-dimethoxy-
substituted benzyl alcohols (2d and 2e) provided products 4d
and 4e in high yields after slightly longer reaction times.

Figure 2. (a) Thermal ellipsoid plot of the molecular structure of 1·
BF4

− with appropriate labeling scheme. Thermal ellipsoids are plotted
at 50%. Only selected H atoms are shown. Short N−H···F contacts
are shown as red dashed lines. (b) Two-dimensional representation of
1·BF4− highlighting the computed pKa values in DMSO.

Table 1. Optimization of Reaction Conditions

conversiond

entry catalyst loading (mol %) 1 h 6 h 12 h

1 1·BF4−
a 1 3% 6% 11%

2 1·BF4−
a 10 13% 20% 28%

3 1·BF4−
b 1 35% 100% 100%

4 1·BF4−
b 10 24% 100% 100%

5 1·BF4−
c 1 28% 100% 100%

6 1·BF4−
c 10 30% 100% 100%

7 1·Cl−b 1 0% 0% 0%
8 1·Cl−b 10 28% 50% 100%

aReactions were performed at room temperature using the following
conditions: 0.5 mmol 2a, 1.0 mmol 3 and 1.0 mL DCM. b0.5 mmol
2a, 1.0 mmol 3 and 0.5 mL DCM. c1.0 mmol 2a, 2.0 mmol 3 under
neat conditions. dConversion was determined via 1H NMR
spectroscopic analysis of the crude reaction mixtures. This involved
monitoring the disappearance of the signal at 6.37 ppm for (3) and
appearance of the signal at 4.51 ppm for the THP protected product
(4a).
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Furthermore, compound 2f with an inductively withdrawing
m-methoxy group and sterically demanding o-bromo sub-
stituent afforded the pyranyl product 4f in 85% yield. Benzyl
alcohol substrate 2g bearing an electron-deficient p-nitro group
afforded product 4g in 92% yield after 5.5 h. The reaction of 3-
phenyl-1-propanol (2h), furnished product 4h in 70% yield
after 48 h. In the case of the latter, the attenuated reactivity
compared to benzyl alcohols may be ascribed to the loss of
noncovalent interactions that include π−π-(aryl−aryl) stacking
phenomena that subsequently impart transition-state stabiliza-
tion, though this does not rule out other possible modes of
action that may account for this observed reactivity. Similarly,
ethanol (2i) and electron-poor trifluoroethanol (2j) reacted
sluggishly, albeit, in high isolated yields. Conversely, primary
alcohols bearing extended functionalized aliphatic side chains
(2k and 2l) afforded the desired products (Table 2, entries 11
and 12, 4k and 4l) in good to excellent yields. Extending our
catalytic methodology to sugar analogues, we reacted substrate
2m that furnished the pyranyl product 4m in 96% yield after
1.5 h.
The reaction of secondary alcohols was then probed using α-

methyl benzyl alcohol (5a) as the substrate together with 3
under our optimized conditions (vide supra), which raised
immediate concerns as product 8a was produced in a low yield

after 24 h. Nevertheless, the addition of benzoic acid (7) as a
co-catalyst (10 mol %) remedied this lack of reactivity as
conferred by a 93% yield of the sterically congested pyranyl
product 8a after 5.5 h (Table 3). Employing these modified

conditions, α-methyl benzyl/naphthyl alcohols were also
reacted with 3 to afford products 8b and 8c in good to
excellent yields. The use of sterically hindered aliphatic
substrates such as isopropanol and menthol likewise afforded
products 8d and 8e in high yields. The extension of our
methodology to the reactions of tertiary alcohols also resulted
in good yields of the desired products >80%. Finally, the
reactivity of phenols was explored using substrates 6a−c, all of
which gave the desired pyranyl products (Table 3, entries 8−
10, 9a−c) in moderate to excellent yields.
To probe the mechanism of these reactions, a solution of

catalyst 1·BF4− (1 equiv) was monitored by 1H NMR as
aliquots of benzyl alcohol (1−10 equiv) were added. This
experiment resulted in a pronounced downfield shift of the
alcohol O−H signal that we attribute to the presence of a
hydrogen-bonding interaction between the thiocarbonyl sulfur
atom and the alcohol, which based on DFT calculations was
computed be a favorable process (ΔEint = −21.5 kcal/mol)
linked to SLP → σ(O−H)* donor−acceptor interactions (ENBO =
4.94 kcal/mol) (see SI). The conspicuous lack of a change in
the thiourea N−H signal, though unexpected, suggests the

Table 2. Pyranylation of Primary Alcohols

a5.0 mmol of respective alcohols. b10.0 mmol 3,4-dihydro-2H-pyran.
cThe reaction was performed in 5.0 mL DCM at room temperature
under an inert atmosphere. The yields provided are reported as
isolated yields after flash chromatography. There was no conversion
witnessed in the absence of 1·BF4−.

Table 3. Pyranylation of Higher Substituted Alcohols and
Phenols

a5.0 mmol of respective alcohols or phenols (ROH). b10.0 mmol 3,4-
dihydro-2H-pyran. cThe reaction was performed in 5.0 mL DCM at
room temperature under an inert atmosphere. The yields provided are
reported as isolated yields after flash chromatography. There was no
conversion witnessed in the absence of 1·BF4− with or without
benzoic acid. dThe diastereomeric ratio (dr) of compounds 8a−c and
8e is 1:1.
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presence of weak or nonexistent interactions between the
alcohol oxygen atom and the thiourea N−H hydrogens.
Further kinetic studies revealed a first-order dependency with
respect to both alcohol and dihydropyran (see SI for details).
Lastly, we performed additional 1H NMR titration experiments
to better understand the role of the co-catalyst (7) in the
reactions of phenols, secondary and tertiary alcohols. Upon
titration of 7 (1−2 equiv), we observed that the thiourea N−H
signals were participating in rapid proton exchange events with
benzoic acid on the NMR time scale, thus providing evidence
for the formation of a thiourea-benzoic acid complex as further
supported by variable-temperature NMR studies (see SI for
details). This is consistent with previous reports of Brønsted
acids enhancing the catalytic activity of thioureas through a
concept formally referred to as cooperative catalysis.12

Based on the above findings, the putative catalytic cycle for
thiourea 1 pyranylation of primary alcohols is offered in Figure
3. A pre-equilibrium establishing metastable catalyst-substrate

H-bond complex 2·1 (step I) initiates the cycle. Subsequent
reaction of dihydropyran (3) via proton-transfer transition
state TS1 (step II) then provides oxocarbenium intermediate
3i and 2·1-H, corresponding to a tight or loose ion pair
(solvent-separated vs solvent-shared). Addition of alcohol then
results in the formation of transient oxonium species 4i by
transition state TSII (step III). Deprotonation of the latter by
in situ derived thiourea conjugate base 1-H then provides the
pyranyl product 4a concomitant with regeneration of catalyst 1
(step IV). As for the role of the co-catalyst in these reactions,
efforts to clarify its function and more generally the reactivity
in these thiourea catalyzed processes are still ongoing in our
laboratory.

■ CONCLUSION
In summary, a unique thiourea-cyclopropenium organocatalyst
with dual cationic H-bond donor and electrostatic character
has been reported. As a proof-of-principle application, the
utility of this thiourea was demonstrated in synthetically
relevant pyranylation transformations using various substrates,
including challenging tertiary alcohols and phenols. Salient
features of this reactivity comprise simplicity, mild reaction
conditions, high product yields, and cooperative Brønsted acid
catalysis. Mechanistic investigations that include kinetic and
1H NMR binding studies in conjunction with DFT calculations
collectively support a Brønsted acid mode of catalysis. In a

broader sense, we anticipate that this novel thiourea catalyst
and related H-bond donors will find a wide range of future
applications. Current efforts in our lab are underway in this
respect.

■ EXPERIMENTAL SECTION
Computational Methodology. All the density functional theory

(DFT) calculations were performed in the Gaussian 16 program.20

The hybrid B3LYP21−23 functional and the dispersion energy
corrections by D324 version of Grimme’s dispersion with the original
D3 damping function were used. All the electronic properties were
obtained with the 6-311+G(d,2p) basis sets. The solvent effects were
taken into account using the self-consistent reaction field (SCRF)
method grounded from the solvation model based on density
(SMD).25 The pKa calculation was performed using equation pKa =
ΔGaq*/2.303 RT, where ΔGaq* was calculated directly from the aqueous
Gibbs free energies of the acid and conjugate base in dimethyl
sulfoxide (DMSO ε = 46.7), using the solvation corrections to
construct the solute cavity made by Peng L. et al.26 The interaction
energy (Eint) was calculated using the B3LYP/6-311+G(d,2p) level of
theory in chloroform (CHCl3, ε = 4.81) (SMD model) using the
following equation: Eint = Ealcohol‑thiourea − Ealcohol − Ethiourea, which
corresponds to the difference between the total energy of the
supermolecular system (i.e., alcohol-thiourea) and the total energy of
its fragments (i.e., alcohol and thiourea isolated). This property is
used to determine the stability of an interaction. A negative value
indicates that the molecular system is more energetically stable with
respect to the isolated fragments, and thus the interaction is favorable.
Conversely, if Eint is positive, it indicates that the isolated fragments
are more stable than in the supermolecule, and therefore the
interaction does not favor an increase in stability. Visualization and
generation of molecular structures were performed with Chemcraft27

graphical user interface software.
Materials and Methods. All materials were obtained from

commercially available suppliers and used as received unless otherwise
stated. The solvents employed in the reactions were all dried using the
following methods: dichloromethane and acetonitrile were distilled
from CaH2, and tetrahydrofuran was distilled from sodium/
benzophenone. All reactions were conducted in oven-dried round-
bottom flasks under an inert atmosphere (N2) and monitored by thin-
layer chromatography (TLC) using silica gel 60 F254 EMD Merck
while visualized with a hand-held UV lamp. Flash column
chromatography was performed over Silicycle ultrapure silica gel
(230−400 mesh). NMR spectra were recorded on a Bruker DPX-300
spectrometer (1H 300 MHz, 13C 75.5 MHz, 19F 292.4 MHz, 11B 96.3
MHz) and Bruker Avance AV I 600 spectrometer (1H 600 MHz) in
CDCl3. The observed chemical shifts are reported as δ-values (ppm)
relative to tetramethylsilane (TMS). Mass spectra were obtained on
an MSI/Kratos concept IS mass spectrometer. Tetrachlorocyclopro-
pene28,29 (S1), 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose,30

and 1-methyl-3-(3-phenylthioureido)pyridinium iodide13 were pre-
pared according to literature procedures and the spectra match
accordingly.

Chloro[Bis(diisopropylamino)]cyclopropenium (S2)·BF4−.
31 To a

stirred solution of tetrachlorocyclopropene (S1) (1.0 g, 5.62 mmol,
1.00 equiv) in DCM (12.0 mL) at 0 °C was added diisopropylamine
(4.0 mL, 28.1 mmol, 5.00 equiv) dropwise. The solution stirred for 6
h while gradually warming to room temperature. Next, NaBF4 (0.80 g,
7.31 mmol, 1.30 equiv) was added in one portion, and the resulting
mixture stirred overnight. The solution was then extracted with water
(5 × 35.0 mL), dried over MgSO4, and concentrated in vacuo to
afford an orange solid. The crude material was then dissolved in DCM
(5.0 mL), purified with diethyl ether (Et2O) ((15.0 mL washes), 3×),
and dried under high vacuum to obtain a white powder (1.51g, 76%).
1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.41−1.43 (d, J = 6.78 Hz;
24H), 3.81−3.94 (m, 2H), 4.01−4.21 (m, 2H).

2,3-Bis(diisopropylamino)cyclopropenimine (S3)·BF4−. Ammonia
gas (excess) was vigorously bubbled through a solution of (S2) (1.51
g, 4.21 mmol, 1.00 equiv) in DCM (16.0 mL) at 0 °C for 1 h. The

Figure 3. Mechanistic proposal for the thiourea-catalyzed (1)
pyranylation of primary alcohols.
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solution was maintained at a temperature of ∼0 °C for the entire
duration. After 15 min, a white precipitate began to crash out
indicating product formation. After completion of the reaction, as
observed by TLC, the salt was filtered off, and the filtrate collected.
The filtrate was then concentrated and washed with diethyl ether to
further purify (S3) (3 × 10.0 mL washed) affording a beige solid
(1.36 g, 95%). Mp: 142−144 °C; 1H NMR (300 MHz, CDCl3, 25
°C): δ = 1.30−1.32 (d, J = 6.78 Hz; 24 H), 3.71−3.84 (m, 4 H), 6.08
(s, 2H); 13C{1H} NMR (75.5 MHz, CDCl3, 25 °C): δ = 22.3, 50.8,
113.9, 114.7; 19F NMR (292.4 MHz, CDCl3, 25 °C) δ = −151.7; 11B
NMR (96.3 MHz, CDCl3, 25 °C) δ = −1.0; HRMS (FAB) m/z: [M
− BF4]+ calcd for C15H30N3

+, 252.2434; found: 252.2435.
2,3-Bis(diisopropylamino)cyclopropenimine (S4).32 Compound

(S3) (1.36 g, 4.01 mmol, 1.00 equiv) was dissolved in DCM (15.00
mL), and the resulting solution was washed with 3 M NaOH (3 ×
80.0 equiv), dried over MgSO4, and concentrated in vacuo affording
an off-white solid (0.86 g, 80−85%). 1H NMR (300 MHz, CDCl3, 25
°C): δ = 1.16−1.18 (d, J = 6.60 Hz; 24 H), 3.53−3.67 (m, 4 H).
N-(2,3-Bis(diisopropylamino)cyclopropenium)-N′-phenyl-thiour-

ea (1)·Cl−. A solution of phenyl isothiocyanate (S5) (0.92 g, 6.82
mmol, 2.0 equiv) in DCM (3.00 mL) was added dropwise to a
solution of (S4) (0.86 g, 3.41 mmol, 1.0 equiv) in DCM (6.00 mL) at
room temperature. After 1 h, the reaction was extracted with 3 M HCl
until disappearance of S4, as visualized via TLC. The combined
organic layers were dried over MgSO4 and concentrated. The
resulting residue was then washed with diethyl ether (3 × 15.0 mL) to
afford a yellow solid (0.71 g, 49%). Mp: 159−161 °C; 1H NMR (300
MHz, CDCl3, 25 °C): δ = 1.42−1.44 (d, J = 6.63 Hz; 24 H), 4.14−
4.18 (m, 4 H), 7.16−7.20 (t, J = 7.32 Hz; 1H), 7.33−7.38 (t, J = 7.62
Hz; 2H), 7.86−7.89 (d, J = 7.92 Hz; 2H), 11.8 (s, 1H), 12.1 (s, 1H);
13C{1H} NMR (75.5 MHz, CDCl3, 25 °C): δ = 22.1, 51.6, 107.4,
123.1, 125.0−125.5 (d, J = 32.4 Hz), 128.4, 138.7, 178.8; HRMS
(FAB) m/z: [M - Cl]+ calcd for C22H35N4S

+, 387.2566; found:
387.2570.
N-(2,3-Bis(diisopropylamino)cyclopropeniminyl)-N′-phenyl-thi-

one (S6). Thiourea 1·Cl− (0.71 g, 1.67 mmol) was dissolved in DCM
(10.00 mL) and washed with saturated bicarbonate (1 × 30.0 mL),
dried over MgSO4, and solvent evaporated resulting in a chartreuse
solid (0.62 g, 96%). Mp: 165−167 °C; 1H NMR (300 MHz, CDCl3,
25 °C): δ = 1.34−1.36 (d, J = 6.60 Hz; 24H), 4.01- 4.10 (m, 4H),
6.91−6.95 (t, J = 7.2 Hz; 1H), 7.20−7.25 (t, J = 7.50 Hz; 2H), 7.56−
7.59 (d, J = 7.8 Hz; 2H), 7.69 (s, 1H); 13C{1H} NMR (75.5 MHz,
CDCl3, 25 °C): δ = 22.0, 50.4, 119.5, 121.5−121.6 (d, J = 6.27 Hz),
124.0, 128.4, 141.0, 178.5; HRMS (EI) m/z: [M + H]+ calcd for
C22H34N4S, 386.2504; found: 386.2495.
N-(2,3-Bis(diisopropylamino)cyclopropenium)-N′-phenyl-thiour-

ea (1)·BF4−. Compound S6 (0.62 g, 1.60 mmol) was dissolved in
DCM (10.00 mL) and washed with a 3 M solution of 50% HBF4(aq)
(1 × 30.0 mL), dried over MgSO4, and concentrated in vacuo to
afford a viscous green oil. The oil was then triturated with diethyl
ether (1 × 15.0 mL) to furnish thiourea 1·BF4− as a lime-green solid
(0.71 g, 93%). Mp: 121−123 °C; 1H NMR (300 MHz, CDCl3, 25
°C): δ = 1.38−1.40 (d, J = 6.60 Hz; 24H), 4.02−4.15 (m, 4H), 7.18−
7.23 (t, J = 7.50 Hz; 1H), 7.34−7.40 (t, J = 7.50 Hz; 2H), 7.75−7.78
(d, J = 8.1 Hz; 2H), 8.96 (s, 1H), 9.51 (s, 1H); 13C{1H} NMR (75.5
MHz, CDCl3, 25 °C): δ = 21.8, 51.9, 106.1, 123.5, 126.1−126.4 (d, J
= 23.2 Hz), 128.6, 138.2, 178.0; 19F NMR (292.4 MHz, CDCl3, 25
°C) δ = −149.2; 11B NMR (96.3 MHz, CDCl3, 25 °C) δ = −0.8.
Representative Procedure for the Thiourea-Catalyzed

Pyranylation of Primary Alcohols. To an oven-dried 25.0 mL
round-bottom flask charged with thiourea 1·BF4− (24 mg, 1 mol %),
primary alcohols (5.0 mmol) and 3,4-dihydro-2H-pyran (10.0 mmol)
were combined and subsequently diluted in dichloromethane (5.0
mL). The resulting solution was stirred at room temperature under an
inert atmosphere. Reaction progress was monitored via TLC. After
removal of the solvent, the crude material was subjected to flash
chromatography using a hexanes/ethyl acetate solvent system to yield
the THP protected alcohol.
Characterization Data of the Products (4a−m). NMR Data

Are Consistent with the Literature. 2-(Benzyloxy)-

tetrahydropyran (4a).33 (0.91 g, 95%), clear oil. 1H NMR (300
MHz, CDCl3, 25 °C): δ = 1.53−2.00 (m, 6H), 3.56−3.63 (m, 1H),
3.94−4.02 (m, 1H), 4.53−4.58 (d, J = 12.1 Hz; 1H), 4.75−4.78 (t, J
= 3.48 Hz; 1H), 4.83−4.87 (d, J = 12.1 Hz; 1H), 7.29−7.44 (m, 5H).

2-(4-Methylbenzyloxy)tetrahydropyran (4b).34 (0.92 g, 89%),
clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.52−1.96 (m,
6H), 2.37 (s, 3H), 3.54−3.61 (m, 1H), 3.92−4.00 (m, 1H), 4.48−
4.51 (d, J = 11.8 Hz; 1H), 4.71−4.74 (t, J = 3.51 Hz; 1H), 4.76−4.80
(d, J = 11.8 Hz; 1H), 7.17−7.20 (d, J = 7.89 Hz; 2H), 7.28−7.30 (d, J
= 7.95 Hz; 2H).

5-(Tetrahydro-2H-pyran-2-yloxy)methylbenzo[d][1,3]dioxole
(4c).35 (1.06 g, 90%), clear oil. 1H NMR (300 MHz, CDCl3, 25 °C):
δ = 1.49−1.92 (m, 6H), 3.53−3.60 (m, 1H), 3.88−3.97 (m, 1H),
4.40−4.44 (d, J = 11.7 Hz; 1H), 4.68−4.72 (overlapping signals, 2H),
5.96 (s, 2H), 6.77−6.82 (m, 2H), 6.85−6.90 (m, 1H).

2-(4-Methoxybenzyloxy)tetrahydropyran (4d).36 (1.01 g, 91%),
clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.49−1.95 (m,
6H), 3.53−3.60 (m, 1H), 3.83 (s, 3H), 3.91−3.99 (m, 1H), 4.44−
4.48 (d, J = 11.6 Hz; 1H), 4.70−4.72 (t, J = 3.54 Hz; 1H), 4.72−4.76
(d, J = 15.8 Hz; 1H), 6.88−6.93 (d, J = 11.6 Hz; 2H), 7.30−7.33 (d, J
= 8.64 Hz; 2H).

2-(3,5-Dimethoxybenzyloxy)tetrahydropyran (4e). (1.11 g, 88%),
clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.53−1.97 (m,
6H), 3.53−3.60 (m, 1H), 3.81 (s, 6H), 3.89−3.98 (m, 1H), 4.46−
4.50 (d, J = 12.3 Hz; 1H), 4.71−4.73 (t, J = 3.60 Hz; 1H), 4.73−4.77
(d, J = 15.3 Hz; 1H), 6.40−6.41 (t, J = 2.22 Hz; 1H), 6.55−6.56 (d, J
= 2.20 Hz; 2H); 13C{1H} NMR (75.5 MHz, CDCl3, 25 °C): δ = 19.4,
25.5, 30.6, 55.3, 62.2, 68.7, 97.7, 99.5, 105.5, 140.7, 160.8; HRMS
(EI) m/z: [M + H]+ calcd for C14H20O4, 252.1362; found: 252.1358.

2-(2-Bromo-5-methoxybenzyloxy)tetrahydropyran (4f).37 (1.28
g, 85%), clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.52−
2.00 (m, 6H), 3.56−3.63 (m, 1H), 3.82 (s, 3H), 3.91−4.00 (m, 1H),
4.54−4.58 (d, J = 13.5 Hz; 1H), 4.78−4.81 (t, J = 3.45 Hz; 1H),
4.80−4.83 (d, J = 9.10 Hz; 1H), 6.70−6.74 (dd, J = 8.7, 3.09 Hz;
1H), 7.12−7.13 (d, J = 3.09 Hz; 1H), 7.42−7.45 (d, J = 8.7 Hz; 1H).

2-(4-Nitrobenzyloxy)tetrahydropyran (4g).35 (1.09 g, 92%), clear
oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.54−1.97 (m, 6H),
3.54−3.61 (m, 1H), 3.86−3.94 (m, 1H), 4.60−4.64 (d, J = 13.5 Hz;
1H), 4.74−4.76 (t, J = 3.45 Hz; 1H), 4.88−4.92 (d, J = 13.5 Hz; 1H),
7.53−7.56 (d, J = 8.67 Hz; 2H), 8.20−8.23 (d, J = 8.70 Hz; 2H).

2-(2-Phenylethoxy)tetrahydropyran (4h).38 (0.72 g, 70%), clear
oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.47−1.90 (m, 6H),
2.92−2.96 (t, J = 7.26 Hz; 2H), 3.44−3.51 (m, 1H), 3.60−3.68 (dd, J
= 16.9, 7.17 Hz; 1H), 3.75−3.82 (m, 1H), 3.94−4.02 (dd, J = 17.0,
7.35 Hz; 1H), 4.61−4.63 (t, J = 2.88 Hz; 1H), 7.19−7.34 (m, 5H).

2-Ethoxytetrahydropyran (4i). (0.60 g, 93%), clear oil. 1H NMR
(300 MHz, CDCl3, 25 °C): δ = 1.20−1.25 (t, J = 7.11 Hz; 3H),
1.47−1.87 (m, 6H), 3.41−3.53 (overlapping signals, 2H), 3.75−3.91
(overlapping signals, 2H), 4.57−4.60 (t, J = 2.76 Hz; 1H); 13C{1H}
NMR (75.5 MHz, CDCl3, 25 °C): δ = 15.2, 19.8, 25.5, 30.8, 62.4−
62.8 (d, J = 31.7 Hz), 98.7; HRMS (EI) m/z: [M + H]+ calcd for
C7H14O2, 130.0994; found: 130.0985.

2-(2,2,2-Trifluoroethoxy)tetrahydropyran (4j).39 (0.74 g, 80%),
clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.55−1.93 (m,
6H), 3.51−3.61 (m, 1H), 3.80−3.81 (m, 1H), 3.84−3.96 (dq, J =
8.70 Hz; 1H), 3.99−4.10 (dq, J = 12.3 Hz; 1H), 4.76−4.78 (t, J =
3.15 Hz; 1H).

2-(5-(1,1,1,3,5,5,5-Heptamethyltrisiloxan-3-yl)-pentoxy)-
tetrahydropyran (4k). (1.61 g, 82%), clear oil. 1H NMR (300 MHz,
CDCl3, 25 °C): δ = 0.011 (s, 3H), 0.100 (s, 18H), 0.457−0.509 (m,
2H), 1.35−1.44 (m, 4H), 1.51−1.96 (m, 8H), 3.36−3.44 (m, 1H),
3.48−3.55 (m, 1H), 3.71−3.80 (m, 1H), 3.85−3.95 (m, 1H), 4.58−
4.61 (t, J = 4.29 Hz; 1H); 13C{1H} NMR (75.5 MHz, CDCl3, 25 °C):
δ = −0.303, 1.84, 17.6, 19.7, 23.0, 25.5, 29.5−29.8 (d, J = 18.4 Hz),
30.8, 62.3, 67.6, 98.8; HRMS (EI) m/z: [M + H]+ calcd for
C17H40O4Si3, 392.2234; found: 392.2224.

6-(Chloro-hexyloxy)tetrahydropyran (4l).40 (1.04 g, 94%), clear
oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.33−1.65 (m, 10 H),
1.66−1.89 (m, 4H), 3.34−3.41 (m, 1H), 3.45−3.54 (m, 3H), 3.69−
3.77 (m, 1H), 3.81−3.89 (m, 1H), 4.55−4.57 (t, J = 2.52 Hz; 1H).
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2,2,7,7-Tetramethyl-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-
tetrahydro-3aH-bis([1,3]dioxolo)[4,5-b:4′,5′-d]pyran (4m).41 (1.63
g, 96%), clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.25 (s,
3H), 1.26 (s, 3H), 1.36 (s, 3H), 1.46 (s, 3H), 1.51−1.85 (m, 6H),
3.38−3.45 (m, 1H), 3.52−3.66 (m, 1H), 3.69−3.85 (m, 2H), 3.91−
3.97 (m, 1H), 4.16−4.19 (dd, J = 1.53, 7.95 Hz; 1H), 4.20−4.23 (m,
1H), 4.50−4.60 (m, 2H), 5.43−5.47 (t, J = 6.24 Hz; 1H).
Representative Procedure for the Thiourea-Catalyzed

Pyranylation of Higher Substituted Alcohols and Phenols.
To an oven-dried 25.0 mL round-bottom flask charged with thiourea
1·BF4− (24 mg, 1 mol %) and benzoic acid (61.0 mg, 10 mol %),
alcohols or phenols (5.0 mmol) and 3,4-dihydro-2H-pyran (10.0
mmol) were combined and subsequently diluted in dichloromethane
(5.0 mL). The resulting solution was stirred at room temperature
under an inert atmosphere. Reaction progress was monitored via
TLC. After removal of the solvent, the crude material was subjected to
flash chromatography using a hexanes/ethyl acetate solvent system to
yield the THP protected product.
Characterization Data of the Products (8a−g and 9a−c).

NMR. Data Are Consistent with the Literature. 2-(1-Phenyl-
ethoxy)-tetrahydropyran (8a).42 (0.96 g, 93%), clear oil. 1H NMR
(300 MHz, CDCl3, 25 °C): 1:1 diastereomeric mixture δ = 1.49−1.99
(overlapping signals, 18H), 3.40−3.47 (m, 1H), 3.50−3.57 (m, 1H),
3.71−3.79 (m, 1H), 3.97−4.05 (m, 1H), 4.45−4.48 (t, J = 3.21 Hz;
1H), 4.86−4.91 (m, 1H), 4.92−4.97 (overlapping signals, 2H), 7.26−
7.48 (m, 10H).
2-(4-Methylphenylethoxy)-tetrahydropyran (8b). (1.04 g, 94%),

clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): 1:1 diastereomeric
mixture δ = 1.45−1.94 (overlapping signals, 18H), 2.38 (s, 6H),
3.38−3.46 (m, 1H), 3.47−3.54 (m, 1H), 3.69−3.77 (m, 1H), 3.95−
4.02 (m, 1H), 4.41−4.43 (m, 1H), 4.80−4.85 (m, 1H), 4.86−4.92
(overlapping signals, 2H), 7.16−7.34 (m, 8H).; 13C{1H} NMR (75.5
MHz, CDCl3, 25 °C): δ = 19.2, 19.9, 21.1, 21.9, 24.3, 25.5 (d, J = 1.81
Hz), 30.9, 61.9, 62.8, 72.9−73.0 (d, J = 11.9 Hz), 96.0−96.1 (d, J =
8.83 Hz), 126.0, 126.4, 128.9, 129.1, 136.5, 137.0, 140.6, 141.5.;
HRMS (EI) m/z: [M + H]+ calcd for C14H20O2, 220.1463; found:
220.1457.
2-(1-Napthalenylethoxy)-tetrahydropyran (8c). (0.90 g, 70%),

clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): 1:1 diastereomeric
mixture δ = 1.49−2.02 (overlapping signals, 18H), 3.42−3.49 (m,
1H), 3.53−3.60 (m, 1H), 3.74−3.82 (m, 1H), 4.03−4.11 (m, 1H),
4.51−4.54 (t, J = 3.42 Hz; 1H), 5.02−5.04 (m, 1H), 5.07−5.18
(overlapping signals, 2H), 7.49−7.66 (m, 6H), 7.84−7.93 (m, 8H).;
13C{1H} NMR (75.5 MHz, CDCl3, 25 °C): δ = 19.4, 19.9, 22.2, 24.3,
25.6 (d, J = 3.40 Hz), 30.9−40.0 (d, J = 3.85 Hz), 62.1, 62.8, 73.4,
96.1, 96.5, 124.4 (d, J = 1.96 Hz), 124.8, 125.5−125.6 (d, J = 4.53
Hz), 125.8−125.9 (d, J = 8.91 Hz), 126.1, 127.7−127.8 (d, J = 5.06
Hz), 127.9−128.0 (d, J = 6.95 Hz), 128.1, 128.4, 132.8, 133.1, 133.3−
133.4 (d, J = 6.57 Hz), 141.1, 142.1.; HRMS (EI) m/z: [M + H]+

calcd for C17H20O2, 256.1463; found: 256.1458.
2-Isopropoxytetrahydropyran (8d).43 (0.69 g, 96%), clear oil. 1H

NMR (300 MHz, CDCl3, 25 °C): δ = 1.05−1.07 (d, J = 6.12 Hz;
3H), 1.15−1.17 (d, J = 6.30 Hz; 3H), 1.44−1.55 (m, 4H), 1.57−1.68
(m, 1H), 1.71−1.83 (m, 1H), 3.38−3.45 (m, 1H), 3.80−3.92
(overlapping signals, 2H), 4.58−4.61 (t, J = 3.75 Hz; 1H).
2-(2-Isopropyl-5-methylcyclohexyloxy)-tetrahydropyran (8e).

(1.13 g, 94%), clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): 1:1
diastereomeric mixture δ = 0.769−1.09 (overlapping signals, 24H),
1.20−1.46 (m, 4H), 1.50−1.90 (overlapping signals, 16H), 2.06−2.20
(m, 3H), 2.32−2.42 (m, 1H), 3.28−3.37 (td, 10.6, 4.38, Hz; 1H),
3.45−3.53 (m, 3H), 3.86−4.02 (m, 2H), 4.59−4.62 (m, 1H), 4.80−
4.82 (t, J = 3.51 Hz; 1H).; 13C{1H} NMR (75.5 MHz, CDCl3, 25
°C): δ = 15.6, 16.3, 19.7, 20.3, 21.2 (d, J = 3.55 Hz), 22.2, 22.4, 23.0,
23.3, 25.2, 25.5, 25.6 (d, J = 2.34 Hz), 31.2, 31.3, 31.4, 31.8, 34.4,
34.6, 40.1, 43.6, 48.2, 48.9, 62.4, 63.0, 74.1, 79.9, 94.4, 101.3.; HRMS
(EI) m/z: [M + H]+ calcd for C15H28O2, 240.2089; found: 240.2085.
2-tert-Butyloxy-tetrahydropyran (8f).35 (0.70 g, 88%), clear oil.

1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.26 (s, 9H), 1.47−1.53 (m,
4H), 1.63−1.70 (m, 1H), 1.81−1.91 (m, 1H), 3.42−3.50 (m, 1H),
3.94−4.00 (m, 1H), 4.73−4.75 (t, J = 3.18 Hz; 1H).

2-(1,1-Dimethyl-propoxy)-tetrahydropyran (8g).44 (0.72 g, 84%),
clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 0.863−0.913 (t, J
= 7.44 Hz; 3H), 1.18−1.20 (d, J = 4.38 Hz; 6H), 1.46−1.60 (m, 6H),
1.62−1.68 (m, 1H), 1.81−1.88 (m, 1H), 3.41−3.48 (m, 1H), 3.93−
4.00 (m, 1H), 4.71−4.73 (t, J = 3.09 Hz; 1H).

2-Phenoxytetrahydropyran (9a).44 (0.65 g, 73%), clear oil. 1H
NMR (300 MHz, CDCl3, 25 °C): δ = 1.59−1.81 (m, 3H), 1.88−1.93
(m, 2H), 2.01−2.13 (m, 1H), 3.60−3.68 (m, 1H), 3.92−4.00 (m,
1H), 5.45−5.47 (t, J = 3.27 Hz; 1H), 6.99−7.05 (m, 1H) 7.08−7.11
(m, 2H), 7.28−7.35 (m, 2H).

2-(4-Bromophenoxy)-tetrahydropyran (9b).44 (1.18 g, 92%),
clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.58−1.77 (m,
3H), 1.85−190 (m, 2H), 1.92−2.10 (m, 1H), 3.58−3.65 (m, 1H),
3.85−3.93 (m, 1H), 5.38−5.40 (t, J = 3.18 Hz; 1H), 6.93−6.99 (m,
2H), 7.38−7.40 (m, 2H).

2-(4-Methoxyphenoxy)-tetrahydropyran (9c).44 (0.53 g, 51%),
clear oil. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.58−1.78 (m,
3H), 1.85−1.90 (m, 2H), 1.97−2.10 (m, 1H), 3.58−3.65 (m, 1H),
3.80 (s, 3H), 3.93−4.01 (m, 1H), 5.31−5.33 (t, J = 3.33 Hz; 1H),
6.82−6.88 (m, 2H), 7.00−7.05 (m, 2H).
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Study of antiradical mechanisms with
dihydroxybenzenes using reaction force and
reaction electronic flux†
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Phenolic compounds represent an important category of antioxidants because they help inhibit the

oxidation process of organic compounds, while also acting as antiradicals in many biological processes.

In this work, we analyze the transfer mechanisms for a set of catechols and resorcinols of a single

electron, proton and hydrogen, with the radical peroxyl (!OOH) and with different electron withdrawing

and donating groups as substituents. By using the M05-2X exchange correlation functional within the

Density Functional Theory framework combined with the 6-311++G(d,p) basis set, we were able to

compute the Gibbs free energies for all mechanisms and compounds. According to the thermodynamic

results, the hydrogen atom transfer mechanism was the most favorable. Therefore, this mechanism with

substituents –CH3 and –COH in catechol and resorcinol was analyzed, using the reaction force and

reaction electronic flux to characterize the structural and electronic changes that take place during the

reaction. Our results show that electron donating groups favor electronic changes along the reaction

path, increasing the spontaneity of the hydrogen atom transfer mechanism.

1 Introduction
Since isolation of the first phenol, the chemistry of phenolic
compounds and their derivatives has attracted attention, due to
a wide variety of applications for example in the food industry,
cosmetics and medicine.1,2 Phenol derivatives may be formed
from simple structures, which have at least one aromatic ring
with one or more hydroxyl groups or they may even form more
complex structures such as polymers, e.g. phenolic acids
and tannins.1,3

Phenolic compounds constitute an important category of
antioxidants with high reactivity, acting either as electron donors
or by losing hydrogen atoms to become radical oxygen species
with unpaired electrons, such as peroxyl radicals (!OOR).4,5

These two kinds of processes resulting in radicals are crucial

intermediates involved in a variety of biological and industrial
processes, and these promote inhibition of the oxidation process
of organic compounds.1,6

Catechol (1,2-dihydroxybenzene) and resorcinol (1,3-dihydroxy-
benzene) are compounds with an aromatic ring and two hydroxyl
groups, which differ in terms of the position of the OH groups
(Fig. 1). There are many studies about both dihydroxybenzenes
although catechol and its derivatives are better known, since
they are involved in several oxidation processes in plant and
animal cells.1,7,8 In the literature, there is also experimental
data showing the effectiveness of resorcinol and its derivatives
as good antioxidants; however the mechanisms directing the
action of this dihydroxybenzene are still being deliberated.9–12

Fig. 1 Chemical structure of (a) ortho-dihydroxybenzene (catechol) and
(b) meta-dihydroxybenzene (resorcinol).
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Three mechanisms are accepted in the literature as being
involved in the antiradical activity of phenolic compounds;8,13,14

the first is the single-electron transfer (SET) of phenol (PhOH)
to a radical, for example !OOH, resulting in a radical cation
(PhOH!+) and a peroxyl anion ("OOH):

PhOH + !OOH - PhOH!+ + "OOH. (1)

The second mechanism is the proton transfer (PT), where a
proton is transferred from the hydroxyl groups of the phenol,
producing an anion molecule (PhO" ) and a radical cation
(+!HOOH):

PhOH + !OOH - PhO" + +!HOOH. (2)

The third mechanism is the hydrogen-atom transfer (HAT),
which occurs when a hydrogen atom from the hydroxyl group of
the phenol is transferred, resulting in the formation of a radical
(PhO!) and hydrogen peroxide (H2O2).

PhOH + !OOH - PhO! + H2O2. (3)

The literature also presents a number of theoretical and experi-
mental studies on a variety of phenolic compounds and deriva-
tives, which primarily analyze antioxidant activity under SET,
PT and HAT mechanisms.6–8,15,16 The antioxidant capacity of a
phenolic compound can be determined by assessing the relative
stability of the species produced in the reaction.17

In particular, the HAT of phenolic compounds towards
radicals has been one of the processes most studied for deter-
mining antioxidant activity. These studies are generally limited
to a thermodynamic and kinetic analysis, providing information
on the energy of reaction and activation.5,8,18 However, they
do not provide information about the reaction mechanism,
i.e., the structural and electronic factors that drive the reaction
evolving from reactants to the formation of desired products.18

Over the years, we have developed theoretical tools that can help
in the analysis of a chemical reaction mechanism, they are the
reaction force and reaction electronic flux. The reaction force defines
a framework to identify regions along the reaction coordinate where
different mechanisms, associated with structural or electronic
effects, can be driving the reaction. On the other hand, the reaction
force provides a rational partition of the reaction and activation
energies in terms of specific reaction works that unveil the physical
nature, structural or electronic, of these energies. Otherwise, the
reaction electronic flux (REF) characterizes the electronic activity that
takes place during the reaction, it accounts for bond strengthening/
formation and bond weakening/breaking processes.19,20 These
quantities have been used for a wide variety of reactions,18–24 in
order to obtain interesting insights into the chemical events that
drive a reaction, consistent with experimental and theoretical
data, such as the transition state theory.25,26

In this article, we studied the mechanisms of SET, PT and
HAT with the radical peroxyl (!OOH) for a set of catechols
and resorcinols, which have different electron withdrawing and
electron donating groups, as substituents (Fig. 1). Likewise, we
used the reaction force and reaction electronic flux indices for
the HAT mechanism to analyze the structural and electronic
changes, along the reaction coordinate.

2 Computational details
Two conformers of catechol and four of resorcinol were selected to
determine the most stable structure in ortho and meta dihydroxy-
benzene (Fig. 2). For each conformer –R was substituted by:
–H, –CH3, –CH2CH3, –CH2CH2CH3, –CHQCH2, –CHQCHCOOH,
–CO(CH2)4CH3, –COOH, –COH groups; these substituents were
selected according to their own electron withdrawing and
electron donating properties.

In order to determine the thermodynamic feasibility of ET,
PT and HAT mechanisms proposed on eqn (1)–(3), Gibbs free
energy was calculated at 298 K:

DG
#

reaction ¼
X

Gproducts

! "
"
X

Greagents

! "h i
: (4)

DFT was used to fully determine mechanisms in the Gaussian09
program.27 The hybrid meta-GGA M05-2X exchange correlation
functional28 was used in all the calculations in combination of
the 6-311++G(d,p) basis sets29 with the SMD implicit model,30

using water as a solvent. The M05-2X exchange correlation func-
tional was chosen because of its good performance for predicting
thermodynamics and kinetics in main group elements, together
with an improvement in non-covalent interactions, necessary for
the proper description of transition states (TS).31,32 All reactions
were followed along the intrinsic reaction coordinate (IRC) and
stationary points. Likewise, transition state structures were fully
optimized, and verified by harmonic frequency calculations.
Analysis of electron population was performed using the NBO
6.0 program33 also implemented in Gaussian09.

3 Theoretical background
3.1 Reaction force analysis (RFA)

The reactivity of a chemical system and the interaction with
other molecules to produce new chemical systems can be inter-
preted with its potential energy along a reaction coordinate. The
Hellmann–Feynman reaction force is defined as the negative

Fig. 2 Conformers of dihydroxybenzenes.
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derivative of the potential energy E(x), with respect to the
reaction coordinate:19,20

FðxÞ ¼ " dEðxÞ
dx

: (5)

The reaction force results in a rational partition of the energy
profile, which helps to identify different regions along the reaction
where different reaction mechanisms might be operating.19,20

For a single step reaction in which the reactants are sepa-
rated from the product by an energy barrier, the reaction force
profile presents two critical points, a minimum before the
transition state structure at x1 and a maximum after the TS at
x2. These critical points allow us to define three reaction
regions in which structural and/or electronic effects drive the
reaction. The regions between [xR - x1] and [x2 - xP], where R
and P refer to reactants and products, respectively, involve
mainly structural rearrangements, whereas in region [x1 - x2],
the electronic activity dominates leading to bond breaking
and bond formation. The works associated with each type of
reorganization can be obtained as follows:20,34

W1 ¼ "
ðx1

xR
FðxÞdx4 0; W2 ¼ "

ðxTS

x1
FðxÞdx4 0;

W3 ¼ "
ðx2

xTS
FðxÞdxo 0; W4 ¼ "

ðxP

x2
FðxÞdxo 0:

(6)

As W1 and W4 are defined within the reactant and product regions,
respectively, they are more associated with structural effects. In
contrast to this, W2 and W3 are defined within the transition state
region, which mostly accounts for electronic effects.

Thus, the reaction and activation energies can be written as:

DE1 = [E(xP) " E(xR)] = W1 + W2 + W3 + W4, (7)

DEa = [E(xTS) " E(xR)] = W1 + W2. (8)

This rational partition enables us to obtain the reaction energy
(DE1) and the barrier (DEa) in terms of structural and electro-
nic energies. In summary, RFA provides a rigorous way to
produce a division in the reaction coordinate to unveil the
physical nature of the reaction and activation energies in terms
of the predominance of structural or electronic effects.

3.2 Reaction electronic flux (REF)

Similarly, we obtained response functions from the Spin Polarized-
Density Functional Theory (DFT-SP) to study the chemical reactivity
of molecules by means of transfer processes related to electronic
charge. This presupposes an expansion of the second-order Taylor
series of energy as a function of the number of electrons at fixed
values of the external potential (v) and spin number (Ns):

24,35

DEv;Ns ¼ mNDN þ
1

2
ZNNDN

2; (9)

where mN is the chemical potential within DFT-SP. In this
scheme, mN is defined in terms of the frontier orbitals as:36

mN ffi
1

2

eaH þ ebH
2

þ eaL þ ebL
2

 !
; (10)

where only in the closed-shell case of eaH = ebH and eaL = ebL, a and b
stand for the spin state. From the chemical potential of eqn (10),
the REF can be defined as the negative of the derivative for
chemical potential along the reaction coordinate:

JðxÞ ¼ " dmN
dx

: (11)

Changes in REF are associated with spontaneity in reorganiza-
tion of electronic density; a positive REF is associated with
spontaneous changes in electronic density that are related to
bond formation or strengthening processes, whereas negative
REF values indicate that non-spontaneous changes in electronic
density are taking place driven by bond breaking or weakening
processes.18

4 Results
4.1 Thermodynamic analysis

We conducted a thermodynamic analysis of the optimized
structures of catechol and resorcinol conformers, as shown in
Fig. 2. The energy differences between catechol and resorcinol
conformers with different substituents are less than 2.0 kcal mol" 1.
In a previous paper, it was observed with the B3LYP method
that the solvent (water) was not relevant to the selection of
different conformers of dihydroxybenzenes, therefore, all the
conformers of catechol and resorcinol were considered in the
thermodynamic study.11

To analyze the SET, PT and HAT mechanisms with the
radical !OOH, we estimated DG1 with eqn (4). In particular,
we evaluated DG1 for the HAT and PT mechanisms for atoms
HA and HB (Fig. 1). Fig. 3 displays the average values of DG1 for
catechol and resorcinol conformers. The thermodynamically
favorable reaction corresponds to the HAT processes. For this
mechanism, DG1 o 0 for all catechol derivatives. In the case of
resorcinol compounds, those with alkyl substituents have a
negative DG1 value, while for substituents –CHQCHCOOH,
–COOH, –CO(CH2)4CH3 and –COH, DG1 reaches positive values
of about 10 kcal mol" 1. In all cases, the transfer of an electron
has values of approximately 30 kcal mol" 1, and the least favor-
able reactions are the proton transfer reactions, which have DG1
values of about 50 kcal mol" 1. Dihydroxybenzenes in particular
constitute compounds with a lower DG1 value in the HAT
mechanism, where substituents have electron donating proper-
ties (–CH3, –CH2CH3 and –CH2CH2H3). Electron withdrawing
groups (–COH, –COOH and –CO(CH2)4CH3) however cause the
value of DG1 to increase, this concurs with the experimental
results.1,37 Dihydroxybenzenes with electron donating groups
have low acidity constant values compared to bare diphenol;1,38

therefore, these have greater capacity to transfer a hydrogen
as these compounds tend to stabilize the phenoxyl radical.
Constrastingly, dihydroxybenzenes with electron withdrawing
groups have a higher acidity constant in contrast to diphenol
without substituents, therefore these compounds are less
susceptible to oxidation by hydrogen transfer, as they tend to
stabilize the diphenol form.6
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4.2 Electrostatic analysis

Fig. 4 displays the electrostatic potential for analyzing the
substituent effect in catechol and resorcinol, together with
two substituted analogs with electron withdrawing and with
electron donating groups (–COH and –CH3, respectively). In
this figure, we see that the negative charges (blue surface) are
located mainly on the oxygen atoms of the hydroxyl groups and
on the compounds with the –COH substituent. The distribution
of positive charge (red surface) occurs mainly in the aromatic
ring, systems substituted with –COH present a large red sur-
face, compared to the –CH3 substituted systems. This indicates
that the substitution of aliphatic groups stabilizes the aromatic
ring with respect to the –COH group, mainly due to the
inductive donating effect of methyl groups. On the other hand,
the electrostatic potential helps to identify the susceptibility to
hydrogen atom transfer of a site. Thus for both, catechol and
resorcinol, the hydrogen transfer is favored in regions where
the electrostatic potential has mostly negative values, i.e., the
hydroxyl groups.

4.3 Energy profile and reaction force

According to thermodynamic results for Gibbs free energy, we
selected the HAT mechanism (eqn (3)) for the purpose of
analyzing the structural and electronic changes involved in this
process. In Fig. 5, the structures of the transition states for
catechol and resorcinol reacting with the !OOH radical are
displayed (all resulting structures are presented in the ESI†). In
all cases, the angle between [Odiphenol–H–Oradical] is 162.501, the
distance of [Odiphenol–H] is 1.10 Å and the distance between
[Oradical–H] is 1.30 Å.

With the geometries of transition states at hand, we obtained
the path of minimum energy linking transition states with
reactants and products through the IRC procedure. Energy and
reaction force profiles are displayed in Fig. 6. In the case of
catechol, we see that the substitution of any of the three
substituents (–H, –CH3 and –COH) involves exergonic reactions,
favoring the HAT with the –CH3 group as a substituent (Fig. 6a).
In resorcinol reactions, the process is endergonic, except for the
compound with the substituent group –CH3 (Fig. 6c).

Fig. 3 Average values of Gibbs free energy for the SET, PT and HAT mechanisms with the catechol and resorcinol conformers at 298 K with the M05-2X/
6-311g++(d,p) level, using the SMD solvation model to simulate the water as a solvent.

Fig. 4 Surface of electrostatic potential (SEP) catechol and resorcinol
with " H, " CH3 and " COH substituents, with an isovalue of 0.027.

Fig. 5 Structures of the transition state for phenol, catechol and resorcinol
with –CH3, –H, –COH as substituents. The values of bond lengths in
angstroms (Å) and angles in degrees (1).
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From the energy profiles, we observed that for all compounds
where either catechol or resorcinol was substituted, the order of
energy in the region of the products and the transition states was
–CH3 o –H o –COH.

The RFA defines three reaction regions that are indicated
through vertical dashed lines in Fig. 6. It can be observed that
in both cases (catechol and resorcinol reactions) the –CH3

substituted systems present the lower activation energy and
lead to the most stable products. Numerical values of reaction
and activation energies as well as reaction works used in eqn (7)
and (8) to define DE1 and DEa are quoted in Table 1, it can be
observed that reactions with –CH3 substitution are thermo-
dynamically and kinetically favored.

The differences observed in the activation energies are
mainly due to the fact that the substituents in an aromatic
system strongly influence its reactivity. Donor activating

groups, as is the case of –CH3 (donor by inductive effect),
increase reactivity, these mainly affect the reaction kinetics by
stabilizing the transition state through the electron delocaliza-
tion in the ring. Contrastingly, –COH is an electron acceptor
deactivating group by the resonance effect, it decreases the
reactivity due to the destabilization of the transition state
caused by the positive charge that the substituent induces on
the ring. This behavior is reflected in the reaction works shown
in Table 1.

In all cases the structural contributions (W1 and W4) are
larger than their electronic counterparts (W2 and W3); meaning
that the HAT mechanism is preferably driven by structural
rearrangements. In summary, reaction and activation energies
indicate that thermodynamically as well as kinetically the most
favorable scenario for hydrogen transfer to radicals occurs
with –CH3 substituted systems and not with the –COH group

Fig. 6 Energy and reaction force profiles in kcal mol" 1 for catechol (a and b) and resorcinol (c and d) with substituents: –CH3, –H and –COH.

Table 1 Reaction works (WR), reaction energy (DE1) and activation energy (DEa) associated with the HAT process for catechol and resorcinol
with –CH3, –H and –COH substituents. In parentheses the percentages of contribution of the works between W1–W2 and W3–W4. All values are
expressed in kcal mol" 1

Moiety Substituent W1 W2 W3 W4 DE1 DEa

Catechol " CH3 8.33 (93%) 0.60 (7%) " 7.64 (37%) " 12.82 (63%) " 11.54 8.93
" H 9.47 (93%) 0.67 (7%) " 6.55 (34%) " 12.64 (66%) " 9.05 10.14
" COH 11.14 (90%) 1.22 (10%) " 5.09 (27%) " 13.52 (73%) " 6.25 12.36

Resorcinol " CH3 12.28 (93%) 0.98 (7%) " 5.99 (34%) " 11.66 (66%) " 4.39 13.25
" H 13.54 (92%) 1.07 (8%) " 4.92 (30%) " 11.33 (70%) " 1.65 14.61
" COH 16.06 (90%) 1.81 (10%) " 3.05 (21%) " 11.26 (79%) 3.55 17.87
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as it would be expected, this trend is observed for reactions with
both catechol and resorcinol.

4.4 Spin densities

In order to explain why W3 is larger than W2 (Table 1), in Fig. 7
we have plotted spin density at the critical points of the
reaction force for the catechol and resorcinol systems without
substituent. The changes observed are mainly due to the
electronic transfer from the oxygen (O9) of the peroxyl radical
(!O9O10H) towards the aromatic ring. The reaction work W2

(x1 " xTS) explains the spin transfer of 0.06e from O9 of the
radical to O6 of the phenol. While W3 (xTS " x2) is mainly
associated with a spin density of about 0.10e distributed in the
aromatic rings of catechol and resorcinol. Therefore, the elec-
tronic changes that predominate in W3 correspond to a higher
distribution of spin density in the aromatic ring.

4.5 Reaction electronic flux and electronic population
analysis

For a detailed analysis of the reaction electronic flux, in Fig. 8 we
present its behavior for catechol and resorcinol. We first note that
the trend followed by the REF is similar for catechol and
resorcinol with different substituents. The REF initiates exhibiting
an equilibrium trend until leaving the reactant region where a
positive peak starts to develop reaching a maximum within the
transition state region. This means that most electronic activity
takes place inside the transition state region. Positive values of the
REF indicates that bond strengthening/forming processes drive
the reaction. In particular this peak may be attributed to the
prevalence of the OH bond forming process to produce hydrogen
peroxide. Then, entering the product region a negative peak
indicates that bond weakening processes drive the reaction in
this region. The low intensity negative peak should be associated
with the achievement of the OH breaking as well as other bond
weakening taking place within the aromatic rings. Finally the REF
attains a zero regime indicating that the electronic activity ceases
and the reaction gets terminated.

Small differences observed in terms of the catechol and
resorcinol systems are associated with the intensity of the
electronic flux, which in the case of the resorcinol system is
10 kcal mol" 1)x more intense. The –CH3 substituent donates
electrons to the ring by the sigma bond Cd+(CH3)–Cd" (ring),

generating delocalization in the aromatic ring (which can be
observed in the SEP analysis shown in Fig. 4). Note that this
activating group is directed from the ortho and para positions,
which is why the largest electronic effect occurs for resorcinol
because the O–H group (participant in the hydrogen transfer) is
in the para position with respect to the –CH3 substituent.

In order to complement REF analysis, bond orders were
obtained from the Natural Bond Orbital (NBO) analysis
(displayed in Fig. 9), to identify the main electronic activity
taking place during the reaction evidenced by the REF. Notably,
all the reactions with the different substituents showed similar
trends, with no major differences. This is why bare catechol and
resorcinol profiles were taken as representative for further analysis.
We first note that most electronic activity is concentrated within the
transition state region, as predicted by the REF profiles.

The REF profile and bond order analysis show consistently that
all reactions begin with an equilibrium condition in the electron
density from xR to x1, this then gives way at the transition state
region to spontaneous changes in electron density, mainly asso-
ciated with O9–H7 bond formation and C3–O6 bond strengthening.Fig. 7 Spin density calculated at the M05-2X/6-311++G(d,p) level.

Fig. 8 Reaction electronic flux (REF, J(x)) profiles for (a) catechol and
(b) resorcinol with –CH3, –H and –COH substituents.
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However, in the product region the non-spontaneous electron
density rearrangements are mainly due to O6–H7 bond breaking
and C3–C2 and C3–C4 bond weakening that pertain to the
aromatic ring. The reactions end when the REF ceases to
change giving rise to an equilibrium regime for all the electro-
nic properties.

5 Conclusions
In this work, we have compared the activity of substituted
catechols and resorcinols, acting as antiradicals or antioxidants
against the !OOH radicals, using a variety of computational
chemistry tools. According to the DG1 values, the thermo-
dynamically favorable mechanism resulted in the transfer of a
hydrogen atom. Then we have analyzed this mechanism in detail,
using the reaction force analysis and the reaction electronic flux.
We were able to unveil the structural and electronic effects that
predominate during the HAT mechanism. The RFA permitted to
unveil the physical nature of all activation energies, it was found
to be mostly structural, however electronic effects played key roles
within the transition state regions where most electronic activity
takes place. On the other hand, although the structural works
(W1 and W4) show a greater contribution with respect to the works
associated with electronic changes, it has been shown that the
electronic changes have an important contribution in the HAT
mechanism since W3 is related to a greater distribution of the
density of spin in the aromatic ring. The –CH3 group decreases
activation and reaction energies, in contrast to the –COH group

that increases both energies with respect to the unsubstituted
systems. All data collected in this work indicate that the HAT
mechanism is favored in catechol and resorcinol substituted
with the –CH3 group, this is explained by the distribution of the
extra negative charge supplied to the aromatic ring by the
electron donor –CH3 group.
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ABSTRACT: A low valent Pb(II) hydride complex with NacNac ligand (NacNac =
[ArNC(Me)CHC (Me)NAr]−, with Ar = 2,6−iPr2C6H3) is predicted to be the best
catalyst for CO2 activation compared to its Ge(II) and Sn(II) analogues, which have been
experimentally reported (Jana, A., et al. J. Am. Chem. Soc. 2009, 131, 1288;Jana, A. et al.
Angew. Chem. Int. Ed. 2009, 48, 1106). The CO2 activation mechanism mediated by
Ge(II), Sn(II) and Pb(II) catalysts was studied in toluene using density functional theory
calculations. The results show that the activation can be carried out through two reaction
pathways, giving rise to two different conformers which have been computationally
predicted for the first time. In all the cases, the activation process was thermodynamically
favored, in addition, the Pb(II) catalyst exhibited the lowest activation energy, compared
with Ge(II), Sn(II), and even Si(II). Thus, it was found that, going down in group 14, the reactivity of the NacNac based complexes
toward CO2 activation increases considerably. This result is due to the increase of the acidic character of the metal as the metal
size increases causing a more polar δ+M−Hδ− bond, which allows an easier channel for the hydride transfer reaction. Interestingly,
a linear dependence between activation energies and the polarity of the M−H bond was found. Additionally, a detailed
characterization of possible interconversions between the products of activation helps to explain the X-ray structures obtained to
date. Most importantly, it was found that the direct interconversion of the products obtained after the addition of CO2 from each
reaction pathway is not possible, and can be reached by means of subsequent C−O and M−O bond torsions. Our calculations
suggest that the CO2 activation catalyzed by Pb(II)−NacNac hydride complex would be both thermodynamically and kinetically
viable. The reactivity trend found in this work contributes to the growing development of CO2 activation by transition metal-free
catalysts.

1. INTRODUCTION

Massive CO2 production has been linked to a deep atmospheric
impact, whose origins are coming from natural and
anthropogenic sources.1 It is well-known that CO2 is largely
responsible for greenhouse gases, causing “global warming”. In
this regard, the United States Environmental Protection Agency
(US-EPA) reported that carbon dioxide was responsible for the
82% of the greenhouse gas emissions, with an equivalent to
6.673 million metric tons of CO2.

2 Although a portion of CO2

concentrations can be removed naturally by plants via the
carbon cycle,3,4 additional tools should be developed to reduce
such concentrations by means of techniques that allow the
control and transformation of the pollutant gases. This problem
has caught the attention of specialists to make unflagging efforts
to reduce the CO2 concentrations from the atmosphere.

Nowadays, several chemical methods have been developed
for the CO2 transformation, but only a few of them have been
industrially used.5,6 One of the most widely implemented is the
urea synthesis, which utilizes CO2 in its main process.5−7

Synthesis of poly and cyclic carbonates is another recent
industrialized process, which uses the reaction of CO2 with
epoxides in the presence of a catalyst.8,9 In a minor scale, CO2
has been also used as feedstock for organic synthesis, such as
carboxylations of C−H bonds10,11 and N−H bonds.11

Furthermore, some recent advances in CO2 fixation have
reported the use of N-heterocyclic carbenes (NHCs) to form
imidazolium carboxylates.12,13 In this sense, improvements in
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reducing CO2 have been achieved with transition metal (TMs)
NHC complexes.14,15 Strategies mentioned above exhibit good
results in fixation and activation of CO2 under mild reaction
conditions.16−19 Moreover, other recent leading synthetic
methodology in CO2 fixation is easily accomplished by means
of using TM through incorporation of this gas into complexes
containing M−C bonds.20−24

Recently, Jana and co-workers have reported the CO2
reduction by using stable low-valent Ge(II)25 and Sn(II)26

hydrides coordinated to N-arylisopropyl-β-diketiminate [also
known as NacNac ligand (NacNac = [ArNC(Me)CHC(Me)-
NAr]− with Ar = 2,6−iPr2C6H3)] (see complexes 1 and 2 in
Scheme 1). On the other hand, efforts to obtain the low valent

silicon(II) hydride derivative have been made but without
success.27 Unfortunately, the synthesis strategies for Ge and Sn
analogues do not apply for silicon, most probably due to its
high reactivity. The synthesis of 1 and 2 is carried out from the
corresponding germanium(II) and tin(II) chlorides, NacNac-
GeCl and NacNacSnCl, respectively. The reaction is carried out
by exchange of the chloride by the hydride through a Cl/H
metathesis reaction. For Si(II) the NacNacSiCl derivative is not
accessible. Likewise, although lead β-diketiminate halide,28,29

aryloxide,30 amido,31 anilido,31 alkoxide,29,32,33 alkyl,34 and
phosphanide32 among other complexes have been synthesized,
no evidence for a hydride lead complex has been obtained to
date. Moreover, CO2 activation has been observed for tin and
lead NacNac alkoxides, in which the dependence of the reaction
rate and reversibility of the reaction is sensible upon minor
changes in the alkoxide unit.33,35

The high impact of using main group (MG) low-valent
complexes comes from the fact that they can react either
through the lone pair of electrons on the metal center, in a
carbene-like behavior36−40 and/or by a hydride transfer
reaction, allowing a high effectiveness toward the activation of
small molecules.25,26,39 The latter is important because the
activation of small molecules is a key step in most of the
catalytic cycles, and this has been an exclusive feature for TM
catalyst. In this regard, MG elements have emerged as
alternative compounds of the traditional TMs complexes.39,41

Most of the TM based catalysts are expensive and soluble in the
reaction medium (homogeneous catalysis), even with low
recovery. Otherwise, MG based complexes are cheaper and
“greener” than TMs,37,39,41,42 therefore they have become good
candidates for a new branch of catalytic applications.
Surprisingly, several complexes containing low valent MG
elements react at room temperature without using any
cocatalyst.25,26,43

Takagi and Sakaki44 have performed a density functional
theory (DFT) investigation to predict the catalytic cycle of 1
with (CH3)2CO, Ph2CO and CF3PhCO ketones, comparing
the results with the organometallic catalyst (PPh3)2RhH. They
found that ketones easily react with 1 to afford the
corresponding Ge(II) alkoxide. Also, a catalytic cycle for CO2
activation was proposed, in which SiF3H was used as a hydride-
source to restore the catalyst. However, to the best of our
knowledge, no further theoretical studies for CO2 activation
using 1 have been reported; and no exploration using it with
heavier elements of the group have neither been attempted.
Moreover, further analysis are necessary for a deeper
understanding of the catalytic activity and applicability of MG
based complexes in chemical reactions.
In this contribution, the use of MG catalysts (1−3) in the

activation of CO2 was explored by means of quantum chemistry
calculations. A full analysis of the reaction products was carried
out with the aim of explaining accessible conformational
isomers that can be formed after activation. All the analyses
serve as proof that system 3 would perform better than the
already synthesized complexes 1 and 2.

2. COMPUTATIONAL DETAILS
All the calculations were carried out at the DFT level using the
hybrid meta-GGA M06-2X functional.45 This method was
selected because it is highly recommended for main group
computations in order to obtain accuracy in both kinetic and
thermochemistry as well as to correctly describe noncovalent
interactions.45−47 Ge, Sn, and Pb were treated with the
LANL2DZ basis sets and quasi-relativistic effective core
potentials;48 C, H, N, and O atoms were treated with the 6-
31G(d,p) basis sets.49,50 For comparison purposes, the
activation of CO2 was computed using the larger 6-311+G(d,p)
basis set for the above-mentioned atoms by performing single
point calculations on the optimized structures obtained with
the 6-31G(d,p) basis. Stationary points and transition states
(TS) were verified by frequency calculations using analytic
second derivatives.51 The Berni Synchronous Transit-Guided
Quasi-Newton (STQN) algorithm was used for searching the
TS geometries.52,53 TS structures were connected with
reactants and products using the intrinsic reaction coordinate
methodology (IRC)54−56 in mass-weighted Cartesian coor-
dinates, using a step size of 0.100 amu1/2 bohr. To take into
account solvent effects (toluene with a electric constant of
2.3741), single point computations were carried out on the
optimized gas-phase geometries via the Polarizable Continuum
Model (PCM).57 The reason for doing so is because
optimization of the TS structures using PCM encountered
convergence problems when Sn and Pb were used. All
computations were performed in the Gaussian 09 software
package.58 Wave function analyses were performed in the
Multiwfn analyzer.59 The reported charges correspond to the
natural atomic charges (NBO).60

3. RESULTS AND DISCUSSION
In a first stage, the interaction of CO2 with each of the catalysts
is expected to be charge-controlled, forming the reactant
complex (R); then orbital-controlled interactions will rule the
second step, i.e., the activation of CO2 by the MG-complex.
There are two ways in which CO2 approaches the catalyst,
giving rise to different TS structures and products (Figure 1).
The first reaction path is obtained when the CO2 molecule

Scheme 1. CO2 Activation by the Main Group Ge(II) (1),
Sn(II) (2), and Pb(II) (3) Based Catalysta

aCO2 insertion in the M−H bond is schematized in color-code.
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frontally approaches the M−H bond in the complex (the front-
side approach); the second reaction path arises from the
backward approach of CO2, this is the back-side approach. In
Figure 1, the front-side and back-side approaches are labeled as
reactions R1 and R2, respectively. In both cases, the reaction
mechanism does not change significantly, although different
conformational stereoisomers are obtained as final products.
Note in Figure 1 that the hydride complexes exhibit an endo
conformation where the metal center and the hydride are below
the NCCCN plane and the M−H bond is roughly
perpendicular to the same plane. The latter is in agreement
with related alkoxide complexes with nonbulky alkyl sub-
stituents. On the other hand, bulky ligands are observed to
adopt an exo conformation.34,61

In the isolated CO2 molecule, the carbon atom behaves as an
electron deficient center with a charge (Q) of +1.06|e|, while the
atomic charge per oxygen atom is −0.53|e|. In complexes 1−3,
the hydrogen atom bonded to the metal center behaves as a
hydride; it appears negatively charged, −0.32|e| (1), −0.40|e|
(2), and −0.41|e| (3), due to its higher electronegative character
compared to Ge, Sn, and Pb [2.20 (H), 2.01 (Ge), 1.96 (Sn),
and 1.87 (Pb) in the Pauling scale].62,63 The increase of the
negative charge on the hydride atom correlates well with the
respective charge depletion for the metal center, + 0.83|e| (Ge),
+ 1.00|e| (Sn), and +1.02|e| (Pb), as their electronegativities
decrease. An important result arises here, which will serve as a
proof to establish the reactivity trend in group 14 NacNac
catalysts. The difference between the metal atomic charge and
that on the hydride atom (ΔQM−H = |QM − QH|) serves as
indicator of the polarity of theM−H bond. The larger the value
of ΔQM−H, the larger is the M−H bond polarity. The values
obtained for ΔQM−H are 1.15|e|, +1.40|e|, and +1.43|e| for
complexes 1, 2, and 3, respectively. These values will be
discussed in section 3.2. On the other hand, two electrostatic
interactions would drive the CO2 approach to the M−H
fragment; these are the C···H and O···M interactions. The

molecular electrostatic potential depicted in Figure 2 character-
izes these specific interactions. Additionally, the H···O and M···

C interactions are electrostatically destabilizing, and con-
sequently, the M−COOH product is not allowed.
On the other hand, frontier molecular orbitals were examined

to rationalize the orbital-controlled interaction between the
reactants. Figure 3 depicts the densities for the highest

occupied (HOMO) and lowest unoccupied molecular orbitals
(LUMO) of CO2 molecule and complexes 1−3. As observed,
the HOMO is localized on the metal center and the hydride
atom, with contributions of 56% (systems 1 and 2) and 6% (3)
from the metal and of up to 20% from the 1s orbital of the
hydride. These results indicate that when the CO2 molecule is
close enough to theM−H bond, the 1s orbital of H will interact
with the LUMO orbital of CO2, which is mainly centered on
the carbon atom (62%) with 2py and 3py atomic orbitals
contributing the most.

Figure 1. Two approaches of CO2 to the 1−3 MG-complexes.
Hydrogen atoms attached to carbons and Ar = 2,6-iPr2C6H3 are
omitted from the molecular representations. Oxygens in red, nitrogens
in blue, carbons in gray, and hydride in white.

Figure 2.Molecular electrostatic potential of complexes 1−3 and CO2.
The molecular orientation is the same as that in Figure 3.

Figure 3. HOMO and LUMO densities and dual descriptor computed
for the complexes 1−3 and CO2 molecule. For dual descriptor,
nucleophilic and electrophilic zones are represented in red and green,
respectively. Hydrogen atoms attached to carbons were omitted from
molecular representations.
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In addition, the dual descriptor64,65 was computed to
characterize the reactivity of the systems 1−3, which allows
to rationalize the reactivity in terms of the simultaneous
knowledge of nucleophilic and electrophilic sites within a
molecule.66−71 Dual descriptor of complexes 1−3 and CO2 are
shown in Figure 3; nucleophilic and electrophilic sites are
represented in red and green, respectively. Hydride is
characterized as a high nucleophilic site, while the nucleophilic
character of the metal center progressively dissapears from Ge
to Pb. The reaction is initiated by the nucleophilic attack of the
hydride to the carbon atom of CO2. Once the reactant complex
is formed, the reaction mechanism involves the following main
chemical events: (i) breaking of the σM−H bond and (ii)
formation of a C−H bond; coordination of CO2 takes place
through formation of a M−O bond.
3.1. The Reactant Complex. As noted above, the reaction

mechanism starts with the electrostatic interaction between the
CO2 molecule and the MG-complex, giving rise to the reactive
complex R. For all the systems, the distance between the
hydride and the carbon atom of CO2 (M−H···CO2) is ∼2.5 Å,

with weak interaction energies ranging from −4.0 to 0.4 kcal
mol−1 (Table 1). Reaction of 1 with CO2 through the front-side
approach, (1 + CO2)@R1, shows the weakest interaction
energy of the studied complexes possibly due to the low
positive charge in Ge compared to Sn and Pb, which decreases
the electrostatic interacton with CO2. Moreover, no signi-
ficative charge transfer was observed in the reactive complex
due to the large separation between the fragments (Table S1 in
Supporting Information).

3.2. CO2 Activation. Once the reactive complex R is
formed, the structural and electronic rearrangements start to
take place, driving the reduction mechanism of CO2. It is worth
to mention that reactions take place by bubbling dry CO2 gas in
the presence of complex 1 or 2 in toluene (at ambient
conditions) to afford the corresponding Ge(II) or Sn(II)

formates, respectively.25,26 To take into account solvent effects,
we calculated electronic and free energies in toluene at 298.15
K using the polarizable continuum model (PCM). TS
structures together with selected geometrical parameters are
shown in Figure 4 for the six reactions under consideration. In

Table 1. Interaction Energy of the Reactant Complex (ER = E(C CO2)R − (EC + ECO2
)), Activation (ΔE‡ = E(C CO2)TS − (EC + ECO2

),
Reverse Activation (ΔEr

‡ = E(C CO2)TS − E(C CO2)P), and Reaction Energy (ΔE° = E(C CO2)P − (EC + ECO2
); E(C CO2)R, E(C CO2)TS, and

E(C CO2)P Correspond to the Energy of the Complex-CO2 System in the Reactant Complex, Transition State, and Product,
Respectivelya

reaction ER ΔE‡ ΔG‡ (%TΔS‡) ΔEr‡ ΔE° ΔG° k (s−1)

(1 + CO2)@R1 0.4 14.8 (14.0) 24.8 (41) 35.7 −20.9 (−19.8) −12.2 4.1 × 10−6

(1 + CO2)@R2 −2.9 13.3 (10.8) 24.6 (50) 34.9 −21.6 (−21.0) −11.1 5.8 × 10−6

(2 + CO2)@R1 −3.5 8.6 (6.7) 19.3 (58) 33.5 −24.0 (−25.0) −13.4 4.4 × 10−2

(2 + CO2)@R2 −4.0 8.7 (6.3) 19.2 (57) 33.3 −24.7 (−25.1) −14.5 5.2 × 10−2

(3 + CO2)@R1 −3.3 3.8 (2.1) 13.6 (74) 29.0 −25.3 (−25.7) −13.2 6.7 × 102

(3 + CO2)@R2 −3.2 4.4 (2.2) 15.7 (76) 28.5 −24.9 (−24.7) −14.8 1.9 × 101

(Si*+ CO2)@R1 0.0 21.2 (20.8) 32.5(33) 42.4 −21.2 (−17.5) −9.3 9.3 × 10−12

(Si*+ CO2)@R2 −0.1 20.0 (18.0) 28.0(27) 39.4 −19.4 (−20.0) −11.4 1.9 × 10−8

aEC and ECO2
are energies of the isolated complex and CO2, respectively. ΔE‡ and ΔE° were also computed using the 6-311+G(d,p) basis set (in

parentheses). Direct Gibbs free energies (ΔG‡) along with the percentage of the entropic contribution of activation (%TΔS‡) is also reported. Rate
constants (k) were estimated according to transition state theory at standard ambient temperature (298.15 K), assuming a first order (unimolecular)
reaction (note that reactions are bimolecular). Values reported in toluene (gas phase energies are given in the Supporting Information). All energies
are referenced to the isolated reactants, given in kcal mol−1 and corrected with zero point energies.

Figure 4. Transition state structures for both front- and back-side approaches (R1 and R2), respectively. Hydrogens attached to carbons and Ar =
2,6-iPr2C6H3 are omitted from the molecular representations. Bond distances and angles are in (Å) and degrees (deg), respectively.
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all the cases, the TS forms a four-membered ring delimited by
the interaction between the CO2 molecule and the M−H bond.
The first mechanistic event is the σ(M−H) bond breaking that
induces the hydride transfer to the carbon atom of CO2. The
second event is the nucleophilic attack of the oxygen (O1)
atom on the metal core. At this point, the C−H and M−O1
distances become shorter and longer, respectively, going from
the front- to the back-side mechanism, while going from Ge(II)

to Pb(II) both distances become longer. This is a direct
consequence of the increase in the atomic radii. To analize the
charge transfer from the isolated reactant to the TS geometry,
the charges of the M-H bond and the CO2 moiety were
analized. It was found that a larger charge transfer is evidenced
for the back-side approach than for the front-side one for each
metal (Table S2 in the Supporting Information).
Activation and reaction energies, together with the predicted

rate constants, are quoted in Table 1. The activation energies,
ΔE‡, (the standard Gibbs free energy of activation, ΔG‡) for
the front-side reaction, decreases monotonically when going
from Ge to Pb with values of 14.8 (24.8), 8.6 (19.3), and 3.8
(13.6) kcal mol−1, respectively. For the back-side pathway,
these energies were found to be 13.3 (24.6), 8.7 (19.2), and 4.4
(15.7) kcal mol−1, respectively. The barriers are expected to be
low enough to activate CO2 at room temperature. This result
validates our computational methodology and is in agreement
with recent experimental studies,25,26,39 where the CO2
activation proceeds even without using a cocatalyst. Notice
that the difference between the activation free energies of both
approaches (ΔΔG‡) are 0.2, 0.1, and 2.1 kcal mol−1 for
complexes 1, 2, and 3, respectively. The former values are small
enough (lower than the chemical accuracy limit of 1 kcal mol−1

for Ge and Sn-based catalyst) that both activation pathways are
equally feasible at ambient conditions. Regarding complex 3,
the front-side approach is preferred kinetically since it is favored
by 2.1 kcal mol−1 over R2. Table 1 also reveals that the entropic
contribution (%TΔS‡) to the activation energy is very
important in all cases, almost at the same extent when both
mechanisms are compared, and becoming stressed when going
down in the group. It can be suggested that the entropic effects
are playing a significant role in the energy barrier contributing
from 41% in (1 + CO2)@R1 until 76%(3 + CO2)@R2.
Analogously, ΔE‡ and ΔE° were also computed in toluene

with the extended 6-311+G(d,p) basis set at the M06-2X/6-
31G(d,p) gas phase geometries. These values are reported in
Table 1. As can be seen, although the activation barrier
becomes lower with the increase of the basis set and inclusion
of diffuse functions (with the largest difference of 2.5 kcal
mol−1), the energies follow a similar trend of those obtained
with the 6-31G(d,p), indicating reliability of the computed
energies. The same can be concluded with reaction energies
when both basis sets are compared. Thus, hereafter the
reported energies were computed with the 6-31G(d,p) basis.
Finally, given the low energy barriers and relative large

exothermicities obtained for reactions (3 + CO2)@R1 and (3 +
CO2)@R2, it can be concluded that the CO2 activation
mediated by the Pb(II) hydride complex would be both
thermodynamically and kinetically viable under mild con-
ditions, thus being the best catalyst for CO2 activation.
Moreover, the large values of the reverse activation energies
make the CO2 releasing process less probable for the series
studied, but easier for complex 3.
In the present contribution, special attention was attributed

to the heavy group 14 elements. As for Pb, there are no reports

of the synthesis of a stable NacNacSiH compound. Some
reports of silicon(II) monohydride include stabilizing external
agents as Lewis acids or TMs that can interact with the silylene
lone-pair.27,72 Although several Si-based examples have been
prepared, its use in CO2 activation is unknown.73 For the sake
of completeness, we have computed the activation of CO2 by
using the NacNacSiH (Si*) derivative (see bottom of Table 1).
Activation energies of 21.2 and 20.0 kcal mol−1 were found for
the R1 and R2 pathways, respectively. Moreover, the computed
reaction energies (−21.2 and −19.4 kcal mol−1 for R1 and R2)
are quite similar to those obtained for complexes 1, 2 and 3.
The activation energies displayed in Table 1 enable us to
establish the trend in reactivity of this low valent group 14
hydrides toward the CO2 activation. This reactivity increases as
the atomic radii of the metal increases. The reason for this
behavior is because the Lewis acid character of the metal center
increases when going down in group 14, which generates a
more polar Mδ+−Hδ− bond that will easily promote the hydride
transfer reaction. This is confirmated by the bond polarity index
(BPI; ΔQM−H) values of 1.04|e| (Si−H), 1.15|e| (Ge−H), 1.40|
e| (Sn−H), and 1.43|e| (Pb−H). These values indicate that Sn
and Pb complexes are expected to be more reactive toward
CO2 than Si and Ge complexes. In Figure 5, the activation

barriers obtained were plotted against the BPI for each reaction
including silicon; it gives a clear view of the linear dependence
of activation energies with the polarity of the M−H bond. It is
interesting to note from the linear dependence of ΔE‡ with the
BPI that a barrierless reaction can be obtained when this index
reaches the value of roughly 1.60|e|. This could be achieved
tunning the polarity of the M−H bond, for example by means
of electron-withdrawing groups at the vecinity of the M−H
bond or by changing the polarity of the solvent. On the other
hand, the same result shows that an eventual metallic behavior
of C(II) seems difficult to be achieved for these reactions since
high energy barriers would prevent it. In summary, we have
provided evidence that the charge separation in theM−H bond
seems to be responsible for the observed reactivity trend of

Figure 5. Linear relationship between activation energies (ΔE‡) and
bond polarity index (ΔQM−H) for complexes studied including silicon
for the R1 and R2 pathways (R1, ΔE‡ = −38.6ΔQM−H + 60.5; R2,
ΔE‡ = −33.7ΔQM−H + 53.8).
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these catalysts toward CO2, ordered as Pb(II) > Sn(II)26 >
Ge(II)25 > Si(II).
Experimentally, addition of CO2 to 1 initiates the reaction,

the solution slowly changes color from red to yellow, giving
place to the germanium formate,25 whereas the same reaction
using 2 instantaneously changes the color from yellow to
colorless. The observed rates of these reactions are consistent
with the computational estimated rate constants quoted in
Table 1. As can be seen, reaction with 2 is four orders of
magnitude faster than when complex 1 is used. As readily seen
in Table 1, CO2 activation with Pb(II) hydride complex is the
fastest reaction in both pathways. A similar trend has been
found by activation and subsequent hydroboration (using
HBpin, pin = pinacolato) of bulky and unactivated carbonyl
compounds by means of a low valent Ge(II) and Sn(II) catalyst.42

It was found that hydroborations after activation of ketones is
the rate-determining step, being the tin catalyzed reactions
faster than those carried out using germanium. This was
attributed to the polarity of the M−O bond that increases as
the metal size increases along the group.
3.3. Conformational Stereoselectivity. For both reaction

paths R1 and R2, the CO2 activation leads to the corresponding
metal formates PMHi and PMHo (Figure 6). The notation comes
from the spatial orientation of the hydride with respect to the
NacNac ligand: pointing inside (Hi) or outside (Ho) the ligand.
It was previously stablished that for complexes 1 and 2 both
reaction mechanisms take place (ΔΔG‡ < 0.2 kcal mol−1) and
thus both products are kinetically favored and equally expected
to be formed (Table 1). Moreover, from the product stabilities
plotted in Figures 7 and 8 (energies contain ZPE correction),
for Ge and Sn the energy differences between both possible
products PMHi and PMHo are also quite small (ΔE = 0.7 kcal
mol−1 and ΔE = 0.2 kcal mol−1, respectively) that they can be
classified as almost isoenegetics (the thermal energy kT is 0.6
kcal mol−1 at 298 K, k stands for the Boltzmann constant).
Regarding the Pb-based catalyst, the formation of the product
P3Hi is preferred under kinetic control, in view of the higher
activation barrier (ΔΔG‡ = 2.1 kcal mol−1) computed for the
R2 pathway (Table 1). However, we will characterize both
products since none of them have been reported before and in

order to be consistent with the systematic study of the rotamers
for both pathways along the group 14.
The crystallographic structure reported for the reaction

between 1 and CO2 corresponds to the P1Ho,
25 which comes

from R2 pathway. Although it is well-known that most of the
crystal structures differ from the lowest energy conformations,74

the existence of P1Ho agrees well with our computations: P1Ho is
slightly stabilized compared to P1Hi in 0.7 kcal mol−1. This
means that a mixture composed by a 77% P1Ho and 23% P1Hi
will coexist in toluene solution at ambient temperature, in
accordance with a standard Boltzmann distribution. It is worth
to mention that taking into account rather low barriers of

Figure 6. Representation of the conformational stereoisomers obtained as products of the reactions between complexes 1−3 and CO2. The products
from both approaches (R1 and R2) are named PMHi and PMHo, respectively. The free torsion around the C−O bond (green arrow) afford the more
stable complexes PMOi and PMOo, respectively. Other possible interconversions are also shown rotating the M−O bond (magenta and turquoise
arrows). M−O torsion in magenta was found to be not possible. The bidentated NacNac ligand was schematized by connected nitrogen atoms
(blue).

Figure 7. Potential electronic energy changes (in kcal mol−1) for the
front- and back-side reactions of Ge(II)-hydride complexes (in black
and red, respectively). Interconversion to different conformational
stereoisomers are also shown: torsion around C−O and M−O bonds
in green and turquoise arrows, respectively. Note that displayed values
are relative to the M + CO2 isolated reactants. All energies are given in
kcal mol−1, computed in toluene and corrected with zero point
energies.
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conformational interconversions for the P1 isomers (Figure 7),
it should be expected that the mixture be also composed by
P1Oo and P1Oi.
Takagi and Sakaki have reported P1Ho as the only product of

both approaches, in apparent contradiction with our findings.44

This result prompted us to perform a conformational study
with the aim of connecting the obtained conformers. In this
context, it was studied the rotation of the M−O bond, finding
that R1 and R2 are not connected through the rotation of the
M−O bond since the steric hindrance presented by the bulky
aryl groups (2,6-iPr2C6H3) of the NacNac prevents the
straightforward interconversion between P1Hi and P1Ho. Instead,
a new set of conformers was found: PMOi and PMOo (labeled in
accordance with spatial orientation of the carbonyl oxygen with
respect to the NacNac ligand). These rotamers arise from the
restricted rotation of the C−O bond and are also quoted in
Figures 7 and 8.
The computed relative stabilities of the new “inside” rotamers

PMOi are enhanced by 2.5 (Ge), 2.3 (Sn), and 2.5 (Pb) kcal
mol−1 with respect to the PMHi rotamers; while the “outside”
PMOo are 1.6 (Ge), 3.4 (Sn) and 6.0 (Pb) kcal mol−1 more
stable than their PMHo conformers. Thus, all the rotamers that
can be interconverted are very thermodynamically favored once
the CO2 reduction is carried out. Moreover, P2Oi and P3Oi
conformers are obtained from barrierless rotations (0.6 kcal
mol−1). The crystal structure reported for the stannylene
formate corresponds to the conformational stereoisomer
P2Oo,

26 which our calculations confirm as the most stable
isomer. Finally, Figure 8 evidence that our theoretically
predicted plumbylene formates, P3Oi and P3Oo, are more stable
than their germylene and stannylene analogues being P3Oo the
most stable among all conformers. Therefore, this thermody-
namic driving force reinforces our above-mentioned result that
lead(II) hydride complex seems to be a more convenient

alternative for CO2 activation than the other congeners in the
14 group.

4. CONCLUSIONS
The CO2 activation mechanism by low-valent Ge(II), Sn(II) and
Pb(II) hydride complexes bearing a bidentate β-diketiminate
(NacNac) ligand was studied in detail by DFT calculations. In
general, it was found that as the reactants approach each other,
the steric hindrance of the bulky aryl groups (2,6-iPr2C6H3) of
the ligand leads to two different transition states close in
energy. Indeed, both reaction pathways were found to be
feasible under mild conditions yielding the respective products
of activation, except for Pb where R1 was kinetically favored
over R2. According to the computed activation and reaction
energies along with the rate constants, the Pb based complex is
by far the most reactive toward CO2, followed in order by Sn,
Ge, and Si analogues. This is a direct consequence of the
enhanced polar character of the M−H bond, more Lewis acidic
metal center, as the atomic radii of the metal increases when
going down group 14. To validate this result, it was found a
linear dependence between the polarity of the M−H bond and
the activation energies for the reaction studied, including those
by using a silicon(II) analogue. Even though, a low valent Pb
formate has not been reported to date, different conformational
isomers of plumbylene formate were characterized and are
predicted to be extremely stable in toluene at room
temperature. Indeed, the formation of these conformers is
thermodynamically and kinetically favored with respect to Sn
and Ge analogues. In summary, the computational study carried
out herein proposes a lead(II) hydride complex as a more
convenient alternative for CO2 activation than the exper-
imentally used germanium(II) and tin(II) hydride catalysts.
Furthermore, the trend in reactivity found here will certainly
help with a faster development in main group chemistry.
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Figure 8. Potential electronic energy changes (in kcal mol−1) for the
front- and back-side reactions of Sn(II)- (in black and red, respectively)
and Pb(II)-hydride complexes (in blue and pink, respectively) with
CO2. Interconversion to different conformational stereoisomers are
also shown: torsion around C−O and M−O bonds in green and
turquoise arrows, respectively. Note that displayed values are relative
to the M + CO2 isolated reactants. All energies are given in kcal mol−1,
computed in toluene and corrected with zero point energies.
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