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Capitulo I. Introduccidn, Justificacion y Objetivos

11 INTRODUCCION Y JUSTIFICACION

Los silanoles, de formula general R,,Si(OH),_,,, Son conocidos intermedios en
los procesos sol-gel de compuestos organosilicicos, mediante los cuales se da lugar a la
obtencion, a nivel industrial, de materiales poliméricos oxidicos con base de silicio y
propiedades disefiadas, tales como materiales ceramicos, fibras, peliculas, etc. En
concreto, los di-alquil y di-aril-silanodioles, R,Si(OH),, dan lugar, tras un proceso de

polimerizacion, a polisiloxanos de la familia de las siliconas.[1]

Figura I.1.1. Representacion gréafica de la estructura del polidimetildisiloxano o metilsilicona.

Los procesos sol-gel de los compuestos organosilicicos consisten, en lineas
generales, en la hidrélisis (parcial o total) de alcoxidos o haluros de silicio para generar
especies intermedias con grupos OH, que en una etapa subsiguiente condensaran para
formar redes tridimensionales y, finalmente, oxidos hidratados. Las reacciones que tienen

lugar en un proceso sol-gel pueden esquematizarse como:

Ry-nSi(OR")n = Ry Si(OR")yom(OH) i = Ra—Si(OR )y [0SiR - (OR V-] m

Como se muestra, la primera etapa del proceso consiste en la hidrélisis de
alcoxidos (o haluros) de silicio. Los silanoles, generados como intermedios en dicha
reaccion, condensan durante la segunda etapa del proceso para dar lugar a redes
oxidicas o siloxanos (dependiendo del nimero de sustituyentes alquilicos en el producto
de partida).

El mecanismo y la cinética de las reacciones que tienen lugar influird de manera

notable en las propiedades de los materiales finales obtenidos, por lo que la
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monitorizacion de dichas reacciones puede resultar crucial para controlar el buen
desarrollo del proceso.

Las espectroscopias IR y Raman son, junto con la resonancia magnética
nuclear, las técnicas mas ampliamente usadas en la monitorizacion de los procesos sol-
gel. La aparicion, en las primeras etapas de la reaccidn, de bandas vibracionales
asociadas con el grupo Si — OH, revela la formacion de los intermedios silanodiélicos, y
la subsiguiente desaparicidn de estas indicara el avance de la reaccion de condensacion.
Asi, se requiere del estudio de los espectros vibracionales de estos intermedios de
reaccion para su posterior aplicacion en la monitorizacion de los procesos sol-gel.

Ademas de su evidente interés industrial, los silanodioles se han revelado como
unos compuestos de gran interés biolégico debido a su aplicacion en el campo de la

peptidomimética (bioisdsteros de silicio). [2]
1 HO_OH H
W N__-Si N ~

O O

Figura 1.1.2. Esquema general de un péptidomimético conteniendo un grupo silanodiol (imagen tomada de la ref.
4 parcialmente modificada).

Esta disciplina, consiste en el disefio y obtencién de especies quimicas de
moderado tamafio cuya estructura secundaria se asemeje a la de los péptidos pudiendo,
por tanto, reemplazar a éstos en su union a receptores especificos y enzimas. [3]

La preparacion de compuestos quimicos de tipo péptido conteniendo un grupo
silanodiol y el subsiguiente estudio de sus propiedades biolégicas como inhibidores de
metalo- y aspartil-proteasas ha sido objeto de estudios recientes. [4,5-12,29] En general,
este tipo de compuestos se obtienen modificando otros de carbono previamente

conocidos, que han probado su mayor o0 menor eficacia en la inhibicion de metalo- y

Qs

Figura 1.1.3. Esquema molecular de uno de los inhibidores de la proteasa del VIH (imagen tomada de ref. 4)

aspartil-proteasas.

Las proteasas son enzimas que catalizan la hidrélisis (ruptura hidrolitica) de los

péptidos. Se conocen mas de 500 tipos, constituyendo una de las familias de enzimas
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mas extensas de entre las que son codificadas por el genoma humano. La reaccion que
catalizan (la protedlisis) es de gran importancia en un gran nimero de procesos
fisiologicos y patolégicos tales como la proliferacién celular, la reparacion de tejidos, el
control de la presidn sanguinea o la infeccion, entre otros, circunstancia que sit(a a las
proteasas como un importante objetivo de la investigacidn farmacéutica y biomédica.
[3,13-15]

Atendiendo a su mecanismo de funcionamiento, este tipo de enzimas pueden
clasificarse en dos grandes grupos:

Aquellas en las que una molécula de agua actia como grupo nucledfilo,
iniciando el proceso:

Metaloproteasas (cuyo centro activo esta formado por un cation Zn (I1))

Aspartil-proteasas (cuyo centro activo estd formado por dos residuos de

aspartico)

Aquellas en las que un residuo de amino &cido adyacente al sitio activo del
enzima acttia como nucledfilo:

Serina/Treonina-proteasas

Cisteina-proteasas

De entre este tipo de enzimas, dos ejemplos para los cuales se han disefiado
inhibidores silanodidlicos son: la enzima convertidora de angiotensina-I (ACE), cuyo papel
principal en la regulacion de la presion sanguinea (mediante la catalisis de la protedlisis
de angiotensina-l para convertirla en angiotensina-Il) la sitia como uno de los principales
objetivos de la industria farmacéutica y la termolisina (TLN), que ha mostrado su utilidad
como catalizador en ingenieria de proteinas. Asimismo, la proteasa del HIV (Virus de la
Inmunodeficiencia Humana), de tipo aspartil-proteasa, juega un papel crucial en el inicio
del proceso de infeccion.

Atendiendo estrictamente al mecanismo de reaccion, la protedlisis se produce
mediante el enlazamiento de los péptidos al sitio activo del enzima, con la subsiguiente
entrada de una molécula de agua y mediando en el proceso la formacién de un intermedio
tetraédrico, que es estabilizado mediante el establecimiento de enlaces de hidrégeno con
los residuos de aspartico del centro activo, en las aspartil-proteasas, o mediante
quelacion del centro de zinc en las metalo-proteasas.

El fundamento del uso de silanodioles para la inhibicion de este tipo de

proteasas reside en una serie de propiedades caracteristicas del grupo silanodiol.
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Iy

YN T YN Y

o H o o = H o

Figura 1.1.4. Formacion del complejo tetraédrico durante la protedlisis en metalo-proteasas y aspartico-proteasas
(imagen tomada de la ref. 4 parcialmente modificada).

En primer lugar, la gran tendencia de dicho grupo a retener la geometria
tetraédrica (que es muy similar a la de los intermedios de hidrdlisis de los péptidos, Figura
.1.4) frente a la formacidn de un enlace Si = O (silanona), en contraste con la intrinseca

inestabilidad del grupo C(OH), a favor de su forma deshidratada (cetona).

HO,_OH Q
sl - S
HO_OH 0

Figura 1.1.5. Representacion del equilibrio ceto-endlico en silanodioles y carbondioles (imagen tomada de la ref. 4
parcialmente modificada).

El parecido estructural de este tipo de compuestos con los estados de transicion
de la protedlisis se ve incrementado ademas por la mayor longitud (alrededor de un 20%
mas) de los enlaces SiC y SiO frente a las distancias CC y CO en los derivados de
carbono, lo cual repercute en la existencia de significativas diferencias entre el tamafio y
la forma de una determinada molécula y las de su isostero de silicio, de manera que la
sustitucion de un atomo de carbono por un centro de silicio puede mejorar el modo en que
la especie interactlia con determinados receptores y, por tanto, incrementar la selectividad
y la velocidad del proceso.

Por otra parte, el grupo —SiOH mejora sensiblemente las propiedades como

donador y aceptor de enlace de hidrégeno del grupo - COH, con la consiguiente ventaja
en los casos en que la interaccidn con el receptor se produzca mediante la formacion de
este tipo de interacciones. Ademas, los compuestos que contienen silicio son, por regla
general, mas lipofilicos que sus analogos de carbono, lo cual repercute en otorgarles un
mayor poder de penetracion en los tejidos. [3,4,16,17]

La accion inhibidora de estas moléculas, al igual que cualquier otra interaccion
farmaco-receptor, requiere de un paso previo en el cual el sustrato y el enzima se
reconocen, razén por la cual las propiedades estéricas y electrénicas del inhibidor jugaran

un papel crucial en el proceso.
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Sin embargo, y aunque hasta la fecha, se conocen y han sido caracterizados un
buen niimero de silanodioles, [18,21,29] el nimero de trabajos enfocados al estudio de las
propiedades vibracionales y electrénicas de estas especies es muy escaso. En este
sentido, la gran tendencia a la auto-condensacidn de estos compuestos (que es mas
acusada en silanodioles con sustituyentes de pequefio tamafio) para originar los
correspondientes siloxanos, ha dificultado en gran medida el proceso de obtencién de
informacion estructural experimental, por lo que existe una gran escasez de estudios
enfocados a la caracterizacion de compuestos conteniendo el grupo silanodiol.

Para la caracterizacion de estos compuestos (y asi obtener informacion acerca
de la quimica del grupo gem-silanodiol aplicable al estudio de los mencionados gem-
silanodioles peptidomiméticos mas complejos) puede ser de utilidad el estudio de la
estructura molecular y electrénica, y asi como el espectro vibracional de especies
quimicas estables mas sencillas (estructuralmente relacionadas) desde un punto de vista
tedrico y experimental.

Desde el punto de vista experimental, cabe destacar que las técnicas de la
espectroscopia vibracional, especificamente las espectroscopias IR y Raman, han sido
ampliamente utilizadas para el estudio de una gran variedad de moléculas de interés
bioldgico [19], siendo de especial utilidad para el estudio de especies que presentan
enlaces de hidrogeno. Sin embargo, a pesar del creciente interés en los mencionados
compuestos  silanodiélicos, [4-17,20,21,29] el nimero de trabajos relativos a su
caracterizacion estructural mediante el andlisis de sus propiedades vibracionales es,
como ya se ha comentado, bastante escaso.

Ademas, aunque el uso de los métodos ab initio y DFT [22] supone una
aproximacion bien establecida, que ha sido ampliamente usada en el estudio de las
propiedades conformacionales y electrénicas de un gran nimero de sistemas biol6gicos
(incluyendo peptidomiméticos de tamafio moderado [23-28]), llama la atencion la ausencia
de estudios tedricos acerca de tales propiedades de compuestos silanodiclicos.

Como ya se ha mencionado, la similitud existente entre los mencionados
compuestos silanodiolicos con los intermedios de hidrolisis de los péptidos, junto con sus
potenciales mejores propiedades como grupos quelantes para los centros activos de las
metaloproteasas, motivo el desarrollo de peptidomiméticos basados en el grupo silanodiol
como inhibidores de estas enzimas. A pesar de esto, y aunque se ha demostrado que

compuestos conteniendo germanio son, generalmente, menos téxicos que sus analogos



1.Introduccion y Justificacion

de silicio [30-33], no se conocen inhibidores de proteasas basados en la funcionalidad
Ge(OH),.

Por otro lado, una gran variedad de compuestos organogermanicos han sido
aplicados durante las Ultimas décadas en el tratamiento de numerosas enfermedades [30-
33].

Por estas razones, y dado que la determinaciéon experimental directa de
parametros estructurales y termodindmicos de interacciones substrato-metal no es
sencilla, el estudio de las propiedades quelantes de compuestos gem-didlicos usando
célculos quimico-cuanticos puede ayudar a alcanzar un mejor entendimiento de las
interacciones ligando-enzima (y por tanto del mecanismo de inhibicién), asi como sentar

las bases para el desarrollo racional de nuevos grupos quelantes de este tipo de enzimas.
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12 OBJETIVOS

Mediante el presente estudio se pretende alcanzar un mejor conocimiento de la
quimica del grupo silanodiol, lo cual puede resultar de interés en la monitorizacion
espectroscopica de los procesos sol-gel de compuestos organosilicicos, asi como
profundizar en las relaciones existentes entre la estructura molecular y electrénica de
estas especies gem-diolicas (compuestos silanodiolicos y germanodiolicos) y su potencial
actividad biologica.

Como objetivos especificos se plantean:

1. Estudiar la estructura molecular y electronica de un conjunto de silanodioles
alquilicos sencillos (dimetilsilanodiol, etilmetilsilanodiol y dietilsilanodiol), como
punto de partida para el posterior estudio sistematico de sistemas gem-
silanodidlicos mas complejos, y analizar las relaciones existentes entre la
estructura molecular de los mismos y sus propiedades vibracionales mediante
el estudio tedrico experimental de sus espectros IR y Raman.

2. Estudiar teéricamente (mediante calculos ab inito y DFT) la estructura
molecular y electronica de un conjunto de compuestos modelo de
peptidomiméticos  silanoditlicos de moderado tamafio con un grupo
aminocarbonil en posicion By y con respecto al centro de silicio (mostrados en
la Figura 1.2.1), estructuralmente relacionados con aquellos que han mostrado
su eficacia como inhibidores de metalo-proteasas, tanto bajo la aproximacion
de la molécula aislada (fase gas) como en disolucién acuosa. Asimismo, se
llevara a cabo la caracterizacion del papel que juega el enlace de hidrégeno
intramolecular (comdn en este tipo de sistemas) en la estabilizacion de los

mismos haciendo uso de las metodologias NBO y AIM.

HO, OH
T W ¢

H N Si
|5'\/ \Me HO, OH
dA TR W B
0 ﬁ‘\/ \'/ﬁ'
HO OH (v3 o
\S\/ ﬁ
Me/B v v

NH, 0 0

o]
Figura 1.2.1. Esquema molecular de los peptidomiméticos silanodidlicos planteados para su estudio
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Desarrollar nuevas rutas sintéticas encaminadas a la obtencién de un conjunto
de derivados gem-silanodidlicos y llevar a cabo su caracterizacion estructural
experimental haciendo uso de las técnicas de la espectroscopia vibracional.

Estudiar tedricamente, mediante calculos ab initio y DFT tanto en fase gas
como en disolucién acuosa, modelos de interaccion de compuestos gem-
didlicos con férmula general X(OH), (donde X = Si, Ge) con sistemas
moleculares conteniendo cationes divalentes Fe (I1), Ni (I1I) y Zn (II), que
pueden ser considerados como reproducciones parciales de la primera esfera

de coordinacion de metaloenzimas.
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Capitulo Il. Fundamentos Tedricos

/1 ASPECTOS FUNDAMENTALES DE LOS METODOS TEORICOS'

/l1a CONCEPTOS BASICOS EN QUIMICA COMPUTACIONAL

/l1al1  ElQperador Hamiltoniano. La ecuacion de Schrédinger

La mecanica, en el sentido tipicamente fisico, se encarga del estudio del
comportamiento de los cuerpos cuando estos son sometidos a fuerzas. Tradicionalmente,
se considera que las moléculas estan constituidas por atomos o, en un sentido mas
general, por un conjunto de particulas cargadas positiva y negativamente, esto es,
nicleos y electrones, respectivamente, de modo que la mecanica cuantica trata,
fundamentalmente, de dilucidar la influencia que ejerce sobre el movimiento de los
electrones la fuerza electromagnética ejercida por las cargas nucleares y los demas
electrones del sistema.

Asi, entender el comportamiento de los electrones en las moléculas, y por tanto
las estructuras, propiedades y reacciones de estas, radica en la mecanica cuantica y, en
particular, en la resolucion de la denominada ecuacién de Schrodinger.

Los postulados fundamentales de la mecénica cuantica afirman que los estados
de los sistemas microscopicos pueden describirse mediante funciones de ondas, ¥, que
contienen informacion de todas las propiedades fisicas que los caracterizan. Las medidas
de los diferentes observables fisicoquimicos en estos sistemas se obtienen mediante la
aplicacion de los correspondientes operadores, 9, asociados a dichos observables, sobre
las mencionadas funciones de ondas. La aplicacion de dichos operadores sobre la funcion
de ondas nos permite predecir la probabilidad que presenta el sistema de exhibir un valor
determinado, o un rango de valores, para cada observable en el estado del sistema
representado por ¥, siendo la ecuacion de medida:

W =ey¥ (I.1.1)
donde e es un valor escalar de la magnitud que lleva asociada el operador 9 en el
sistema. Cuando se cumple la ecuacién (IL.1.1), ¥ se denomina autofuncién
(eigenfunction o funcién propia) y e es un autovalor (eigenvalue o valor propio) del
operador 9.

Igualmente, segin la mecanica cuantica, entidades como los electrones se

t Elaborado a partir de referencias [34], [35] y [36]
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I1.1. Aspectos Fundamentales de los Métodos Tedricos

caracterizan por poseer dualidad onda-corpusculo, por lo que sus funciones de ondas
podran describirse en términos de la solucién de la ecuacion de Schrodinger. El operador
que, aplicado segun la ecuacion (11.1.1) sobre la funcién de ondas de un sistema, nos da
como resultado la energia de este, E, se denomina operador Hamiltoniano. Asi,

excluyendo las coordenadas de espin, la ecuacion de Schrddinger del sistema vendra

dada por:
HY(r,t) = (r t)
2
{8 }Zl vZ+ V} Y(r,t) = ;};% (11.1.2)

En esta ecuacion, m es la masa de la particula, i es la constante de Planck, V
es el potencial del campo en el que la particula se mueve y V2 es el operador Laplaciano.
Si el potencial, V, no es funcién del tiempo, la ecuacién de Schrédinger puede
simplificarse mediante separacion de variables, pudiendo, de este modo, escribir la
funcién de ondas del sistema como el producto de una funcién espacial y una funcién del
tiempo:

Yir,t) =Y ()T (t) (1.1.3)

Sustituyendo esta funcidn de ondas en la ecuacién (11.1.2) obtendremos dos
ecuaciones, una que depende exclusivamente de la posicion de las particulas, y por tanto
independiente del tiempo, conocida como ecuacion de Schrédinger estacionaria, y otra
ecuacion que dependeré sdlo del tiempo.

El operador Hamiltoniano se compone de un término de energia cinética y un
término de energia potencial, donde el término de energia cinética viene dado por la
sumatoria de los términos que contienen los 72 de todas las particulas del sistema y los
términos de energia potencial corresponden a todas las atracciones y repulsiones
culombianas entre cualesquiera particulas cargadas del sistema. Si suponemos que los
nucleos y los electrones son masas puntuales, y despreciamos las interacciones espin-
orbita, asi como otras interacciones relativistas, entonces el Hamiltoniano molecular, H,
es:

oo le 2 hZ Zl e Zle
A= Vi (1. 1.4)
zml i rl] Tkl

I<k
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Capitulo Il. Fundamentos Tedricos

donde i y j se refieren a los electrones, k y | a los nicleos, 72 es el operador
Laplaciano, Z es el nimero atdmico, e es la carga del electron y r,;, la distancia entre las
particulas. En la ecuacién (11.1.4.), el primer término es el operador energia cinética de
los electrones, el segundo término es el operador energia cinética de los nicleos, el tercer
término es la energia potencial de las atracciones entre los electrones y los nlcleos
(siendo r;; la distancia entre el electrén i y el nicleo [), el cuarto término es la energia
potencial de las repulsiones entre los electrones (siendo 7;; la distancia entre los
electrones i y j) y el Ultimo término es la energia potencial de las repulsiones entre los
nucleos (siendo 7y; la distancia entre el niicleo k y el nlcleo ). La funcion de ondas ¥ es
una funcién de 3n coordenadas de posicion, donde n es el nimero total de particulas
(nucleos y electrones).

El operador H también puede expresarse como:

H=T,+Ty+Vye +Voe +Vyy (I1.1.5)

donde T, es el operador energia cinética de los electrones, T, es el operador energia
cinética de los nucleos, Vy,. es el potencial de atraccion electron-nicleo, V,, es el
potencial de repulsion interelectronico y Vy €s el potencial de repulsion internuclear.
Asi, las funciones de ondas y las energias de una molécula se calculan a partir
de la ecuacion de Schrddinger independiente del tiempo:
AY (r,R) = E¥(r,R) (11.1.6)

donde r y R son las coordenadas electrénicas y nucleares, respectivamente.

/l1a2  Laaproximacion de Born-Oppenheimer

Debido a la compleja forma que presenta el operador Hamiltoniano de la
ecuacion (I1.1.4), conteniendo términos cruzados de atraccién y repulsion, no existen
soluciones exactas conocidas para la ecuacion de Schrddinger de sistemas atdmico-
moleculares, salvo para atomos hidrogenoides. Sin embargo, existen aproximaciones muy
precisas que lo simplifican.

La aproximacion de Born-Oppenheimer es la primera de las diferentes
aproximaciones usadas en la simplificacion de la ecuacién de Schrddinger de sistemas
moleculares, e incide en el hecho de que los nicleos son mucho mas pesados que los

electrones (my > m,). De este modo, los electrones se mueven mucho mas
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rapidamente que los nicleos y, por tanto, puede considerarse que los ndcleos se
mantienen fijos mientras los electrones llevan a cabo su movimiento. Es decir, durante el
tiempo de un ciclo de movimiento electrénico, el cambio en la configuracién nuclear es
despreciable. Bajo esta consideracion, el término de energia cinética nuclear (Ty) puede
ser despreciado y el potencial de repulsion internuclear puede considerarse constante.

Matematicamente, esta aproximacion se traduce en la posibilidad de factorizar
la funcion de ondas del sistema molecular como el producto de dos funciones, una que
dependa Unicamente de los nlcleos y otra que dependa de los electrones:

Y@r,R) =¥ RY (R) (.17)

donde ¥, es la funcion de ondas nuclear, que depende de las coordenadas nucleares
(R), y ¥, es la funcion de ondas electrénica, que depende de las coordenadas
electrénicas (r) para una configuracion nuclear dada, es decir, depende de R
paramétricamente.

En estas condiciones, la ecuacion de Schradinger electronica adquiere la forma;

(. + Vy)¥. (,R) = U¥, (r;R) (I1.1.8)
donde H, denota el Hamiltoniano puramente electronico, el cual incluye el primer, tercer y
cuarto término de la ecuacién (11.1.4), Vy es el potencial de repulsion internuclear
(constante para una configuracion nuclear determinada),  son variables independientes
que determinan las coordenadas de posicidn electrnicas y R son parametros que
representan las coordenadas nucleares. El autovalor de esta ecuacion, U, es la energia
electronica del sistema incluyendo la repulsién internuclear.

La consecuencia directa de la aplicacion de la aproximacion de Born-
Oppenheimer es la forma en que ahora podemos calcular la energia de un sistema
molecular. Considerando que V), es constante, para unas coordenadas nucleares fijas, y
que las funciones de onda no se ven afectadas por la presencia de términos constantes
en el Hamiltoniano, es posible la resolucion de la ecuacién (11.1.8) sin la inclusién del
factor V. La energia asi obtenida recibe el nombre de “energia puramente electronica”
(E.) que depende paramétricamente de las coordenadas nucleares (R) y esta
relacionada con la energia electronica incluyendo la repulsién internuclear mediante

E=E,+Vy (I.19)
Otra importante consecuencia de la aproximacién de Born-Oppenheimer es el

concepto de superficie de energia potencial (PES), el cual no podria establecerse en la
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forma en que se hace si no se aplicase tal aproximacion. La superficie de energia
potencial es la superficie definida por el conjunto de valores de energia electronica
asociados con todas las coordenadas nucleares posibles del sistema. Como se ha
comentado, cuando calculamos la energia de una molécula bajo la aproximacion de Born-
Oppenheimer, lo hacemos en funcién de unas coordenadas nucleares dadas. Asi una
PES es una funcion continua de la energia de un sistema molecular en funcion de sus
coordenadas. Matematicamente, es la ecuacién que proporciona la energia del sistema
como una funcién de las coordenadas nucleares. Debido al rapido movimiento de los
electrones en comparacion con los nicleos, las coordenadas nucleares del sistema
pueden considerarse constantes de manera que la energia, y otras propiedades de la
molécula, son funcién de las coordenadas electronicas, pero dependen paramétricamente

de las coordenadas de los nucleos.
1a3  Superficie de energia potencial (PES)

Si consideramos una molécula diatémica AB como un modelo de esferas unidas
mediante un muelle y, desde su geometria de equilibrio, distorsionamos el modelo
mediante la elongacion o compresion del muelle, la energia del modelo molecular se veria
modificada con la distorsion. Esto es, la elongacion o compresién del muelle supone un
cambio en la energia del mismo, ya que aplicamos sobre él una fuerza proporcional al
desplazamiento que implica la distorsién. En la Figura 11.1.1. se muestra la curva de
energia potencial que mostraria el sistema descrito, donde R, representa la posicion de

equilibrio.

Energy (E)

0 Bond length (R)

Re
Figura I1.1.1. Curva de energia potencial cuadratica (imagen tomada de referencia [34] y editada).
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Las moléculas reales se comportan de manera similar al modelo de esferas,
pero difieren de este en dos relevantes aspectos:

Las moléculas vibran continuamente alrededor de la posiciéon de equilibrio
(incluso a 0 K), por lo que pueden poseer tanto energia cinética como energia potencial,
la suma de las cuales a 0 K se denomina como energia del punto cero o ZPE. Cuando la
longitud de enlace se corresponde con la longitud de equilibrio, la energia potencial del
sistema es cero, del mismo modo que para la amplitud vibracional méaxima la energia
cinética es cero. En las restantes posiciones, ambas energias son distintas de cero.

En las cercanias de la posicion de equilibrio, R, la curva de energia potencial
de una molécula real se ajusta hien a una funcién cuadratica, como la del oscilador

armonico:
1
AE = Sk(R=R)* (1.1.10)

donde E es la energia potencial, k es la constante de fuerza y R una longitud de enlace
arbitraria diferente a la de equilibrio. Por el contrario, conforme nos alejamos de la
posicion de equilibrio la energia potencial se desvia de la curva cuadratica,
comportandose el sistema como un oscilador anarménico. La Figura 11.1.2 representa el

potencial real al que estan sujetas las moléculas diatémicas.

Quadratic curve

True molecular
potential energy curve

Energy (E)
==
=== —

S
~> Vibrational levels

\

0 : Bond length (R)

Re

Figura 11.1.2. Curva de energia potencial de una molécula diatémica (imagen tomada de referencia [35] y
editada).

Cabe decir que las moléculas reales, debido al movimiento vibratorio al que
estan sometidas, incluso a OK, no se encuentran en el minimo de la curva de energia
potencial, sino en el nivel vibracional fundamental. La diferencia de energia entre el primer

estado vibracional y el minimo de la curva se corresponde con la mencionada ZPE.
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Si consideramos una molécula lineal triatémica AXY, para construir su superficie
de energia potencial necesitariamos representar E frente a tres parametros geométricos,
dos longitudes de enlace (R;, R,) y un angulo de enlace (¢). Este tipo de superficies no
pueden representarse en el espacio tridimensional y reciben el nombre de
hipersuperficies. Sin embargo una hipersuperficie puede tratarse matematicamente
definiendo una ecuacion de la forma:

E=f(R,Ry¢) (I.1.11)

donde f es una funcién que describe como varia la energia potencial del sistema con las
coordenadas Ry, R, y ¢.

La importancia de las superficies de energia potencial radica en que nos ayudan
a visualizar y entender la relacién existente entre la energia del sistema (E) y la
geometria molecular, siendo uno de los principales objetivos de la quimica computacional
el determinar la energia y la estructura de las moléculas, asi como de los estados de
transicion involucrados en las reacciones quimicas.

En las superficies de energia potencial pueden distinguirse los denominados
puntos estacionarios.

Los puntos estacionarios son puntos notables de la superficie de energia
potencial que corresponden a estructuras de equilibrio (estables o metaestables) del
sistema. Estos puntos notables de la PES se refieren a distintas conformaciones o
isdmeros estructurales en el caso de una sola molécula, 0 a reactivos, intermedios,
estados de transicion y productos en el caso de sistemas en que reaccionan
multicomponentes. En una superficie de energia potencial pueden distinguirse tres tipos
de puntos estacionarios:

Minimo global, que corresponde a la estructura de minima energia de toda la

PES.

Minimo relativo o local, cuya energia es minima en comparacion con los puntos

mas préximos a este en la PES.

Saddlle Point o punto de silla, correspondiente a un estado de transicion. Los

puntos de silla conectan dos minimos de la superficie a través de la denominada

coordenada intrinseca de reaccion (IRC). Asi, la coordenada de reaccion es el

camino de minima energia que sera seguido por una molécula para pasar de
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un minimo a otro, cuando dicha molécula adquiere la energia suficiente para

sobrepasar la barrera de activacion.

En términos matematicos, un punto estacionario es aquel para el cual la primera
derivada de la energia potencial respecto a cada uno de los pardmetros geométricos,

conocida como gradiente, es cero:

J0E OE

TR 0 (I1.1.12)

Matematicamente, un minimo y un punto de silla difieren en que, aunque ambos
son puntos estacionarios (su primera derivada es cero), un minimo es minimo en todas
direcciones, mientras que un punto de silla es un maximo a lo largo de la coordenada de
reaccion y un minimo en todas las demas direcciones. Esto puede apreciarse en la Figura
1.1.3.

Energy

Transition state

Transition state region.*"

.
.
— ———.ih_
- \
0
»

Reaction coordinate

Minimum
Figura 11.1.3. Representacion de la forma adoptada por la direccion de la PES para un punto de silla (o estado de
transicion) y para un minimo. Para el estado de transicion, 0E%dg? <0 en la coordenada de reaccion y >0 para

todas las demas direcciones. Para el minimo, 0E2/0g? >0 para todas las direcciones (imagen tomada de
referencia [34] y editada).

Como se vera mas adelante, la localizacion de los puntos estacionarios en la
superficie de energia potencial del sistema de interés, es el objetivo a realizar durante una
optimizacién geométrica. Asimismo, el célculo de su espectro vibracional esta
directamente relacionado con el valor de las derivadas segundas de la energia potencial

respecto de las coordenadas moleculares.
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N1b. FUNDAMENTOS DE LA TEORIA DE ORBITALES MOLECULARES

NI1b.1  Principio Variacional

La teoria cuantica nos permite determinar observables fisicos de un sistema
molecular mediante la aplicacion del operador apropiado sobre la funcion de ondas del
mismo. Sin embargo, no siempre es posible la resolucién exacta de la ecuacién de
Schrddinger. Si suponemos una funcién de ondas arbitraria ¢, que es dependiente de las
coordenadas del sistema sobre el cual actuara el operador Hamiltoniano A, y un conjunto
ortonormal completo ¥; de autofunciones del operador H, dicha funcion arbitraria, ¢,

podra escribirse como la combinacién lineal de las funciones del conjunto completo:

¢ = Zciwi (11.1.13)

donde c; son los coeficientes de la combinacion lineal. Puesto que las funciones de ondas
Y, son, en principio, desconocidas, el valor de dichos coeficientes también lo sera. No

obstante, sabemos que tanto ¢ como ¥; deben de estar normalizadas, pudiendo

f¢2 dr=1= ch? (1. 1.14)

i

escribirse, por tanto, que:

donde dt es un elemento de volumen del espacio configuracional de las coordenadas de
las que dependen las autofunciones ¥;.

La energia asociada a la funcién de ondas ¢ puede evaluarse segin:

fq.’)ﬁ(pdr = f(z ci'lli) q ch'l’j dr = Zcicjfll’iH'der
7 b

7
= Z..Cicj Ejsij = X, cfE; (IL1.15)
ij

donde §; ;s el denominado delta de Kronecker con valor 1 sii = jy convalor 0sii # j.

En el conjunto de todos los valores posibles de E; debe existir un valor minimo,
este valor seria el correspondiente a la energia del estado fundamental, el cual vamos a

denominar E,. Combinando las expresiones (11.1.14) y (11.1.15) podemos escribir:

f(j)ﬁ(pdr— E0f¢2dr = Zc? (E; — Ey) (IL.1.16)
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Asumiendo que los coeficientes ¢; son nimeros reales (y deben serlo puesto
que el operador Hamiltoniano es un operador hermitico), cada término c? debe ser mayor
o igual a cero. Por definicién de E,, la cantidad (E; — E,) debe ser también mayor o

igual a cero. Asi, podemos escribir;

f¢>H¢>dr— Eofq)zdr >0 (I.1.17)

Reagrupando la ecuancion (11.1.16) obtenemos la expresion del Principio Variacional:

| pHpdx
J $2dr

I\

E, (I1.1.18)

Como puede verse el método de variaciones nos permite obtener un limite
inferior para la energia del estado fundamental del sistema, sin resolver la ecuacion de
Schrédinger. Asi, la ecuacion (11.1.18) tiene implicaciones muy importantes, ya que si
estamos buscando la mejor funcién de ondas para describir el estado fundamental de
nuestro sistema, podremos juzgar la calidad de las posibles funciones de ondas a través
de la energia asociada a estas: cuanto mas baja es la energia asociada, mejor es la
funcién de ondas. Este resultado es muy relevante ya que nos muestra que no tenemos
que construir nuestra funcién de ondas de ensayo como una combinacion lineal de
funciones ortonormales desconocidas, sino que podemos construirla de la manera que
elijamos, incluyendo un determinado conjunto de funciones de ondas conocido.

Si consideramos sistemas moleculares unielectronicos, las funciones de ondas
de la ecuacién (11.1.18) para ellos pueden llamarse propiamente orbitales moleculares,
donde la energia electronica pura asociada con cada uno de los orbitales moleculares

sera la energia del electron en ese orbital.
I1b.2.  LaAproximacion de la Combinacion Lineal de Orbitales Atomicos

Sabemos que la resolucién de la ecuacién de Schrodinger de un sistema nos
proporciona la energia del mismo. Asi, el primer paso a ejecutar es la eleccion de la
funcion de ondas que mejor se ajuste a las caracteristicas de nuestro sistema. Sin
embargo, como se ha comentado, la ecuacion de Schrédinger sélo posee solucion exacta
para sistemas unielectronicos mononucleares. Las autofunciones que se determinan para
estos sistemas son los denominados orbitales atémicos hidrogenoides, los cuales, como

funciones, pueden ser muy Utiles en la construccion de orbitales moleculares mas
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complejos que se asemejen a los del sistema en cuestion. En particular, podemos
construir una funcion de ondas de prueba molecular ¢p como una combinacion lineal de

funciones de ondas atémicas ¢:

N
¢ = Zai‘l’i (1I.1.19)
i=1

donde el conjunto de N funciones ¢; se denomina conjunto de funciones de base, y cada
una de ellas lleva asociada un coeficiente a;. Esta forma de construir la funcion de ondas
de prueba se conoce como la Aproximacion de la Combinacion Lineal de Orbitales
Atémicos (LCAO).

La ecuacion (11.1.19) no indica dénde se localizan las funciones de base, por lo
que podrian estar centradas sobre los &tomos de la molécula, aunque no es un
requerimiento necesario. La eleccion de orbitales atémicos para la construccion de las
funciones de prueba radica en que dichas funciones son eficientes en la representacion
de los orhitales moleculares. Sin embargo, matematicamente, debemos tener en cuenta
que tan sélo son funciones.

Cabe mencionar, que el cuadrado de la funcién de ondas se conoce como la
densidad de probabilidad, y esta nos informa sobre en qué lugar del espacio serd mas o
menos probable encontrar al electrén. Asi, necesitaremos funciones de base lo
suficientemente flexibles como para permitir que el electrdn se mueva hacia zonas donde
el valor de la densidad electrénica disminuya la energia. Por ejemplo, considerando el
enlace establecido entre un atomo de hidrégeno y un atomo de carbono, es preferible el
uso de una funcién p localizada sobre el atomo de hidrogeno y orientada en la direccion
del enlace, al uso de una Unica funcion s de simetria esférica. El papel de la funcion p es
permitir que la densidad electrénica se localice en la region de enlace de manera mas
eficiente, aumentando, por tanto, la eficiencia con la cual se describe el orbital molecular
de enlace. Esto no significa que el a&tomo de hidrédgeno presente hibridacién sp, por lo
que los valores de los coeficientes de la combinacion lineal deben ser interpretados con
precaucion.

Como puede verse en la ecuacion (11.1.19), la sumatoria que en ella aparece se
extiende hasta N términos, y aunque en principio el valor del nimero de términos puede
ser tan grande como se quiera, no se puede trabajar de manera adecuada con conjuntos

con un nimero infinito de funciones base, al menos cuando estas son orbitales atémicos.
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No obstante, en principio, cuanto mayor sea el nimero de orbitales atémicos empleados
en la combinacion lineal, mas cerca estara la funcion de prueba de reproducir el espacio

real de los orbitales moleculares.

I[1b.3.  Laecuacion Secular

Si evaluamos la energia con la funcién de prueba determinada mediante la

ecuacion (11.1.19), haciendo uso de la expresion del principio variacional, tenemos:

f(Z} aj%)ﬁ(Zj aj‘Pj) dt i Z” aa; [@Ap; dt

.[(Z»af‘pi> <Z,aj(l’j> dt Zijaiaff‘l’i%df
J Jj
Z..aia]'ﬁij
i

= =L —— (I.1.20)

Z. a;4;Si;
ij

donde H;; y S;; son elementos matriciales denominados integral de resonancia y de

solapamiento, respectivamente. Estos elementos matriciales no son sencillos de obtener
debido, entre otras cosas, a que las funciones de ondas atémicas ¢; no son ortonormales
en general.

Una vez seleccionadas las funciones de base, deben elegirse los coeficientes
a; que minimicen la energia para todas las posibles combinaciones lineales que puedan
realizarse. Sabemos que la condicién necesaria para que la energia del sistema sea
minima es que su primera derivada respecto a cada uno de los coeficientes a;
(manteniendo el resto constantes) debe ser cero. Realizando esta derivada parcial en la
ecuacion (11.1.20) para cada uno de los N coeficientes, se obtendra un sistema de N
ecuaciones que contienen N variables desconocidas, esto es, los coeficientes de la

combinacion lineal a;:

N
Z a;(Hu —ESp) =0 (11.1.21)

i=1

Esta ecuacion recibe el nombre de ecuacion secular. Este sistema de N

ecuaciones tiene solucion distinta de la trivial si y solo si el determinante de la matriz
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formada por los coeficientes de las variables desconocidas, |Hy; — ESy;|, es igual a

cero:

Hll _E511 H12 _ESIZ'“ HIN_ESIN

Moy = ESy1 Hpp = ESyp - Hay —ESan| _ (1 199

HNI_ESNI HNZ _ESNZ'“ HNN_ESNN

Esta ecuacion recibe el nombre de determinante secular. En general, habra N
raices de E; de la ecuacion (11.1.22) que permiten que la ecuacion secular (11.1.21) se
cumpla. Por tanto, tendremos N valores de energia E; (algunos de los cuales podran ser
iguales entre si, en cuyo caso se habla de raices ‘degeneradas’) y cada uno de ellos nos
proporcionard un conjunto diferente de coeficientes a;, simplemente resolviendo el
sistema (I1.1.21) para cada valor de E. Asimismo, cada conjunto de coeficientes nos
definird una funcién de ondas molecular (OM) para el conjunto de funciones de base
dado:

N

o = Zaijqoi (11.1.23)

i=1

En un sistema unielectronico, el orbital molecular de menor energia define el
estado fundamental del sistema, y los orbitales de mayor energia definen los estados
excitados. Evidentemente, como se trata de orbitales moleculares distintos, los conjuntos
de coeficientes de la combinacion lineal deben ser diferentes. Cabe resaltar que el
principio variacional se cumple también para los estados excitados, es decir, la energia
calculada para ellos debe estar acotada inferiormente por la energia verdadera del estado
excitado en cuestion, si para cada uno de ellos hubiera sido posible resolver la ecuacion
de Schrddinger estacionaria. En general, para obtener la funcion de ondas unielectrénica

Optima que describa nuestro sistema molecular, debemos:

1. Seleccionar un conjunto de N funciones de base.

2. Para este conjunto de funciones de base determinar todos los N2 valores de H;; y
de S;;.

3. Formar el determinante secular y determinar las N raices E; de la ecuacién
(11.1.22).

4. Para cada uno de los valores de E;, resolver la ecuacion secular, es decir, el

sistema de ecuaciones lineales (11.1.21) para asi determinar el conjunto de
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coeficientes a; del orbital molecular.

/l1b4.  Método del Campo Autoconsistente de Hartree-Fock

Cuando los Unicos términos en el operador Hamiltoniano son la energia cinética
unielectrénica y los términos de atraccion nuclear unielectrénica, el operador es separable

y puede expresarse segun:

N
a= Z h; (I1.1.24)
i=1

donde N es el numero total de electrones y h; es el operador Hamiltoniano unielectrénico

definido, en unidades atdmicas, en la forma:

M
1 z
hy= —=V2 — Z—k (IL1.25)
2 ik
k=1

Ty
donde el primer término da cuenta de la energia cinética de los electrones, el segundo
término del potencial de atraccion electron- nlcleo y M es el niimero total de ndcleos.
Las autofunciones del operador Hamiltoniano unielectrénico deben satisfacer la
ecuacion de Schradinger unielectronica:
hap; = eap; (11.1.26)

Debido a que el operador Hamiltoniano definido en la ecuacion (11.1.24) es
separable, sus autofunciones polielectronicas podran construirse como el producto de

autofunciones unielectrénicas:
Yyp = P11pp Py (11.1.27)

La funcion de ondas construida de este modo recibe el nombre de funcion de
ondas Producto de Hartree. Los autovalores para la autofuncion Producto de Hartree se

obtienen resolviendo la ecuacion:
N

HYyp = (Z si> Yyp (11.1.28)

i=1

donde puede verse que el autovalor energia de la funcion de ondas polielectronica
producto de Hartree, equivale a la suma de los autovalores de energia unielectrénicos.
El Hamiltoniano de la ecuacidon (11.1.28) no incluye las repulsiones

interelectrénicas, ya que estas no dependen de un Unico electron, sino de todas las
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posibles interacciones simultdneas entre pares electronicos. Si se introducen dichas
interacciones en el hamiltoniano unielectronico en forma de un potencial promedio, puede
demostrarse, mediante calculos variacionales, que cada funcion de ondasiy; es

autofuncion de su propio operador h;, que en unidades atdmicas, se define como:
M

1 Z
m:—zvﬂ—zl+mﬁumum
=] Tik

donde el término V; {j} representa un potencial promedio de interaccion entre el electrén
i con todos los restantes electrones ocupando el orbital {j3}, y se calcula como:
Wm=Zf&drmL%)
JET "ij

donde p; es la densidad de carga asociada con el electron j. Este término de repulsion
interelectrénica es funcionalmente analogo al término atractivo de la ecuacién (11.1.29),
pero difieren en que los nicleos se tratan como cargas puntuales en esta Ultima ecuacion
mientras que los electrones se tratan como funciones de ondas en la ecuacion (11.1.30) y
se requiere de integracion sobre todo el espacio. Ademas, cabe recalcar que la densidad
de probabilidad o densidad de carga viene dada por el cuadrado de la funcion de
ondas p; = [i|”

Puesto que las funciones de ondas individuales i; son desconocidas, en
principio, el problema radica en la utilizacion de estas en los Hamiltonianos
unielectrénicos. Para solucionar este problema, Hartree propuso un método iterativo
denominado método del campo autoconsistente (SCF). El primer paso del proceso SCF
es suponer una funcioén de ondas ; de orden cero para todos los orbitales moleculares
ocupados, y utilizarlos para construir el operador unieletronico h; necesario. La resolucion
de cada ecuacion (I1.1.26) proporciona un nuevo conjunto de funciones de onda 1;,
presumiblemente diferentes a las iniciales. Con este nuevo conjunto de funciones
mejoradas, para determinar cada valor de p necesario, se construird un nuevo operador
hamiltoniano unielectrénico. El proceso se repite hasta obtener un conjunto de funciones
de ondas ; todavia mejor. En algin punto del proceso iterativo la diferencia entre el
nuevo conjunto determinado y su predecesor cae dentro de un umbral previamente
definido, indicando que el proceso ha finalizado y se dice entonces que dicho nuevo

conjunto de funciones 1; son los orbitales SCF convergidos.
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Como muestra la ecuacion (11.1.28), la suma de los operadores unielectrénicos
h; define un operador Hamiltoniano separable para el cual la funcién de ondas ¥y, es
una autofuncion. Este Hamiltoniano separable corresponde a un sistema de electrones no
interaccionante, en el sentido de que cada electron individual es sometido a un potencial
constante con el cual interactda (el potencial se determina de forma promediada, a partir
de los otros electrones, y sus interacciones individuales e instantaneas no son tenidas en
cuenta). El Hamiltoniano no-interaccionante no es una buena aproximacion al
Hamiltoniano verdadero, ya que cada h; considera las repulsiones de su electron
asociado con el potencial promedio de los otros electrones, de forma que cada interaccién
electron-electron se estaria contabilizando doblemente. Para corregir este efecto, la
energia se calcula como:

2
E = Zsi - %ZIIW drydr; (1L 1.31)
i i#j
donde i y j corren sobre todos los electrones del sistema, ¢; es la energia del orbital
molecular i obtenida mediante la resolucion de la ecuacion de Schrodinger unielectrénica,
usando el hamiltoniano unielectrénico de la ecuacion (11.1.29), y p se ha reemplazado
por el cuadrado de la funcion de ondas. La integral doble que aparece en la ecuacion
(11.1.31) se denomina integral de Coulomb y se abrevia como J;;.

Las funciones Producto de Hartree presentan dos problemas. El primero de
ellos radica en el espin electrénico, cuya principal consecuencia es que un orbital,
atémico o molecular, no puede ser ocupado por mas de dos electrones. El segundo deriva
del principio de exclusion de Pauli, que establece que dos electrones no pueden estar
caracterizados por el mismo conjunto de nimeros cuanticos, y segtn el cual la funcién de
ondas electronica debe cambiar de signo al intercambiar las coordenadas de dichos dos
electrones, es decir, debe ser antisimétrica respecto a la permuta entre ambos. Sin
embargo, ¥y, no lo es, pues considera a los electrones como particulas distinguibles.
Estos defectos del método SCF de Hartree fueron corregidos por Slater mediante la
definicion de la funcién de ondas del sistema polielectrénico mediante el denominado

determinante de Slater:

. (D) x() .. xn(@
v = — (B L@ @39
\/m : : - :
i) x2(N) .. xn(N)
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donde N es el nimero total de electrones y y es una funcién de ondas espin- orbital
(producto de un orbital espacial, ¥;, y una autofuncion de espin electrnico, a o0 ).

Los determinantes de Slater tienen una serie de propiedades importantes. En
primer lugar, cada electrén aparece en todos y cada uno de los espin-orbitales, lo que
implica la indistinguibilidad de las particulas cuénticas, la cual era violada por las
funciones de onda Producto de Hartree. Otro importante aspecto a tener en cuenta en los
célculos quimico-cuanticos de sistemas polielectrénicos es el denominado intercambio
mecanocuantico. Si consideramos un sistema formado por dos electrones y evaluamos

su energia de repulsion interelectrénica, tenemos:
1
f lIJSD _’“IISD drldrzdwl dwz
T12
1 1
= 5UI¢1(1)|2Ia(1)|2r—Ile(Z)IZIa(Z)IZdrldrzdwldwz
12
1
- 2flwl(l)llll)z(l)lzla(l)lzr—Ile(Z)II¢1(2)IZIa(Z)IZdndrzdwldwz
12
1
+ [ @PIa@P = o (D Plaldr drdordo |
12
1 1 1
= 7 [J-Wﬁ D —1¥, 2)I? drdr, - quﬁ(l)lpz(l)_lpz(z)qﬁ (2)dridr,
T12 T12

1
+ f”’l (z)lzr_ll}IZ (1)'2 drldrz] = ]12 - K12 ([[. 1.33)
12

donde ; y w; son las coordenadas de posicién y espin, respectivamente.

Asi, la repulsion coulombiana (J;,) entre las nubes electrénicas de los orbitales
1y 2, se reduce una cantidad dada por la integral K;,, denominada integral de
intercambio. Este resultado es una consecuencia del principio de exclusion de Pauli y
refleja la reducida probabilidad de encontrar dos electrones con el mismo autovalor de
espin cerca el uno del otro; y se dice que un agujero de Fermi rodea a cada electron. Esta
propiedad es un efecto de correlacién Unico para electrones con el mismo espin. Si
consideramos el determinante de Slater formado por dos electrones de spines diferentes

y evaluamos la repulsion interelectronica:

1
f lIJSD _r_lIJSD drldrzdwl dwz = ]12 (II. 1.34)
12

En este caso, la integral de intercambio K;, desaparece debido a que las
funciones de espin (a y ) son ortogonales, lo que hace que la integral sea cero cuando
se integra sobre todas las coordenadas de espin, w;.

Fock fue quien propuso por primera vez una extension del método SCF de
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Hartree con funciones de onda definidas mediante determinantes de Slater. Al igual que
los orbitales ¥y p, l0s orbitales Hartree-Fock pueden determinarse individualmente como
funciones de ondas de un conjunto de operadores unielectrénicos, pero en este caso la
interaccion de cada electron con el campo constante de los restantes electrones incluye
los efectos de intercambio en la repulsién de Coulomb. Afios mas tarde, Roothaan
describié ecuaciones matriciales algebraicas que permitian que los calculos Hartree-Fock
(HF) se llevaran a cabo utilizando una representacion a partir de funciones de base de los
orbitales moleculares (obteniéndose las denominadas ecuaciones Roothaan-Hall).

Los denominados sistemas de capa cerrada presentan todos sus electrones
apareados (dos por orbital) y sus funciones de ondas se representan como un Unico
determinante de Slater. Este formalismo recibe el nombre de Hartree- Fock restringido
(RHF).

El operador de Fock unielectrénico se define, en unidades atémicas, para cada

electrén i como:

1 nucleosZ
fi= —=v2— Z Zk + VHFGY (11.1.35)
2 Tik
k
donde el término final, el potencial HF, es 2J; - K;, y los operadores J; y K; se definen de
manera que obtengamos las integrales J;; y K;; mencionadas anteriormente. Para
determinar los orhitales moleculares, siguiendo la aproximacion de Roothaan, debemos

resolver el determinante secular:

F11 - ESll F12 - E512 e FlN - ESlN
For = ES; Faa=ESz o Fan = ESan| _ o (1 136
FNl - ESNI FNZ - ESNZ e FNN - ESNN

de manera que eso nos permitira encontrar las diferentes raices Ej. En este caso, los
valores de los elementos matriciales F;; y S;; (matriz de solapamiento) se calculan
explicitamente. Para un elemento matricial general F;,, (de ahora en adelante se adoptara
como criterio representar las funciones base con subindice en letras griegas, y los
orbitales moleculares mediante subindices en letras romanas) se calcula, en unidades

atdmicas, en la forma:
nicleos

1 1 1
o= =572 = D Z Gl D Pag [ vlde) =5 (i) | (1.1.37)
k Ao
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La notacion (uv] Ao) representa la integracion:;
Wvl20) = [ [ ¢y (1) ;=922 (2)dr(Ddr(2) (11.138)

donde ¢, - ¢, representa la densidad de probabilidad de un electrony ¢, - ¢ _ la del otro

electron. La integral de intercambio (x4| vo) va precedida en la expresion (11.1.37) por el
factor 1/2 debido a que esta limitada a los electrones del mismo espin, mientras que las
interacciones de Coulomb estan presentes para cualquier combinacion de espines. La
suma final en (11.1.37) pondera las llamadas integrales de cuatro centros mediante los
elementos de la matriz de densidad P. Esta matriz describe el grado en el cual las
funciones base individuales contribuyen a la funcion de ondas polielectronica, y el “peso
energético” de las integrales de Coulomb y de intercambio. Los elementos de P se

calculan de la forma:

ocupados

P}m‘ =2 Z QA4 ([[ 139)
i

donde los coeficientes a;; especifican la contribucion normalizada de la funcion de base ¢
al orbital molecular i y el factor dos se debe a que con la teoria RHF consideramos los
orhitales doblemente ocupados.

Al igual que el método SCF de Hartree, en el formalismo HF debemos conocer
los coeficientes de los orbitales para formar la matriz de densidad, que sera usada en los
elementos de la matriz de Fock, de manera que podamos resolver la ecuacion secular y
obtener asi los coeficientes de los orbitales, que es lo que pretendemos obtener. Por
tanto, debemos proceder mediante un proceso iterativo.

La teoria HF también tiene limitaciones. Dehido a que el operador de Fock es de
naturaleza unielectronica, y a pesar de que en €l se tienen en cuenta los efectos del
intercambio electrénico, la correlacion electrénica en esta teoria se tiene en cuenta
solamente como un potencial promedio. Desde un punto de vista computacional, Si
utilizamos orhitales hidrogenoides como conjunto de funciones base, es necesaria la
resolucion numérica de las integrales de cuatro centros que aparecen en los elementos

de la matriz de Fock, siendo el niimero de estas integrales, en principio, N*.
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Figura I1.1.4. Proceso iterativo de optimizacion geométrica.

Historicamente, aparecieron dos filosofias distintas cuyo objetivo era proponer
una solucién préactica para llevar a cabo un proceso HF computacionalmente. La primera
incide en introducir aproximaciones para simplificar las ecuaciones HF, al tiempo que se
hace uso de parametros empiricos que mejoran la precision de los resultados. Estas
teorias se conocen con el nombre de Teorias del Orbital Molecular Semiempiricas. La
segunda filosoffa consiste en solucionar las ecuaciones de HF sin hacer uso de

aproximaciones adicionales, dando lugar a la Teoria HF ab initio.
/llc. METODOS ab initio

/l1c1  Filosofia ab initio

La filosoffa ab initio se basa en el desarrollo de una metodologia rigurosa para
abordar la resolucion de la ecuacién de Schrédinger usando Unicamente las constantes

fisicas fundamentales, tales como la carga y la masa de particulas atémicas, sin recurrir a
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ninguna aproximacion. Sin embargo, esto es posible Unicamente para sistemas
pequefios, por lo que para sistemas grandes se requieren aproximaciones.

Asi, la teoria HF se adoptd como base para desarrollar teorias mas sofisticadas
que se aproximasen aln mas a los resultados esperados de la resolucion exacta de la
ecuacion de Schrédinger. De este modo, a lo largo de la historia de la quimica
computacional, han sido muchas las técnicas matematicas y computacionales
desarrolladas con el fin de alcanzar el limite HF, es decir, resolver las ecuaciones de HF
con el equivalente a un conjunto de funciones de base infinito, sin hacer uso de
aproximaciones adicionales. Si se alcanza el limite, el error en la energia asociado con la
aproximacion HF para un sistema dado, la denominada energia de correlacion
electronica, puede determinarse segun:

Ecorr = E — Eyp (11.1.40)

donde E es la energia real del sistema, y Eyf €s la energia del sistema en el limite de

Hartree-Fock.
/l1c2  Corelacion electronica

Como se ha comentado, la teoria de Hartree-Fock se fundamenta en la
aproximacion de que cada electrén se mueve en un campo eléctrico estatico creado por
los restantes electrones del sistema siendo esta su principal limitacién, ya que no tiene en
cuenta la correlacion electronica dentro de un sistema molecular, especialmente la dada
entre electrones de espines opuestos. Las formas de los orbitales se calculan entonces
teniendo en cuenta las repulsiones interelectronicas de manera promediada. Sin
embargo, los electrones no se disponen generando una distribucion estatica de carga,
sino que interaccionan unos con otros instantdneamente. De este modo, segin la teoria
HF, la probabilidad de encontrar al electrén en una determinada posicién del sistema
serfa funcion, Gnicamente, de la distancia entre este y el nucleo, pero no de las
coordenadas del resto de electrones.

Esta limitacion lleva a la obtencién de una energia electrénica superior a la
obtenida mediante la solucidn exacta de la ecuacién de Schrédinger no relativista, dentro
de la aproximacion de Born- Oppenheimer.

La solucién a este problema radica en la modificacion de la funcién de ondas de

HF, de manera que obtengamos con ella una energia electronica mas baja cuando sobre
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la misma actue el operador Hamiltoniano. Segun el principio variacional, dicha funcion de
ondas seria mas exacta. Puesto que la funcion de ondas de HF no puede mejorarse como
un Unico determinante, una posible solucion seria considerar la funcién de ondas como
una combinacion lineal de determinantes de Slater:

Y= ¥+ Wy + oW, + - (1L.1.41)

donde cada coeficiente c; representa el peso de cada uno de los determinantes en la
expansion.

Aunque podemos tomar otras como punto de partida, la funciéon ¥, es una
funcion de ondas HF, que puede ser tomada como una primera buena aproximacion. De
hecho, en la mayoria de los sistemas, el coeficiente c, es el mayor de toda la expresion,

es decir, la ¥, es la contribucién més fuerte a la funcion de ondas final.

/l1¢c.3  Teoria de Perturbaciones

Los métodos perturbativos se usan en quimica cudntica para afiadir
correcciones a las soluciones halladas en sistemas complejos mediante aproximaciones
de particulas independientes. El esquema tedrico empleado recibe el nombre de Teoria
de Perturbaciones de Cuerpos Multiples (MBPT).

Supongamos que tenemos un sistema con un Hamiltoniano independiente del

tiempo H y que no podemos resolver la ecuacion de Schrodinger
Y, = g,  (11.1.42)

para obtener las funciones propias y valores propios de los estados estacionarios.
Supongamos también que nuestro Hamiltoniano H es ligeramente diferente del
Hamiltoniano A° de un sistema cuya ecuacion de Schrodinger
A%, = £, @y, @  (11.1.43)
sabemos resolver. Asi, llamaremos al sistema con Hamiltoniano H° sistema sin perturbar.
El sistema con Hamiltoniano A es el sistema perturbado. La diferencia entre los dos
Hamiltonianos es la perturbacion, A':
A=0-RH°
A=H+H (Il.1.44)
En la ecuacion (11.1.43), E,@ y ¥,® son las denominadas energia sin

perturbar y funcidn de ondas sin perturbar del estado n. Decir que aqui el superindice ©
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no se refiere al estado fundamental del sistema. La teoria de perturbaciones puede
aplicarse a cualquier estado. El subindice n denota el estado que se esta tratando y el
superindice “©”hace referencia al estado sin perturbar.

El objetivo es relacionar las funciones propias y valores propios desconocidos
del sistema perturbado con las funciones propias y valores propios conocidos del sistema
sin perturbar. Para ello habra de suponerse que la perturbacidn se aplica al sistema
gradualmente, produciendo un cambio continuo desde el sistema sin perturbar al sistema
perturbado. Matematicamente esto equivale a introducir un parametro A en el
Hamiltoniano, de modo que:

H=Hy,+ 2H (I1.1.45)

Cuando A = 0 tenemos el sistema sin perturbar. Conforme A aumenta, la
perturbacion crece y en 4 = 1 la perturbacion se ha “aplicado” totalmente.

De acuerdo con las ecuaciones (11.1.42) y (11.1.45), la ecuacion de Schrodinger
del estado perturbado es:

Hyn = (Ho + AH )b = Enh, (11 1.46)

Puesto que el Hamiltoniano en esta ecuacién depende del parametro A, tanto

las funciones propias y,, como los valores propios E,, dependen también de él:
Yn =¥n(hq) Ep=E,(4q) (1.147)
donde q denota las coordenadas del sistema.

Si consideramos que el valor de la perturbacion es pequefia, la funcion de

ondas, ., y la energia del sistema perturbado, E,,, pueden expresarse como una serie

de potencias de Taylor en términos de A:
E, = E® +AED + 2E® + . kW 4 ... (11.1.48)
U= O + 20 + 2P 4 2k 4 (11 1.49)

Llamamos zp,(lk) y E,Ek) correcciones de orden k de la funcion de ondas y de la
energia, donde k = 1,2,3 ... Supondremos que las series (1.1.48) y (I1.1.49)
convergen para A =1, y cabe esperar que, para una perturbacion pequefia, sea
suficiente con tomar los primeros términos de estas series para obtener una buena
aproximacion a la energia y a la funcién de ondas exacta.

Sustituyendo las ecuaciones (11.1.48) y (11.1.49) en la ecuacion de Schrédinger (11.1.46)

obtenemos:
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A + AW + 1P + 229D + ) = + AED + 22EP 4 H)@l? +
WY +429p@ 4.y (11.1.50)
y agrupando los términos con potencias similares de A nos queda:;
Ao + A (A + Ao ) + 22 (Ao + Ap”) +
= EOy©® +/1(E(1)zp(°) Er(lo)llfr(ll))
+ 22 (P + By + BV ) + - (1.1.51)

Asumiendo que las series convergen adecuadamente, para que cada una de las
series que esta a ambos lados de la ecuacion (11.1.51) sean iguales para todos los
valores de 4, se ha de cumplir que los coeficientes de potencias similares de A en ambas
series sean iguales.

lgualando los coeficientes de los términos A°, obtenemos H%y,® =

E, @1, que es la ecuacién de Schrédinger para el sistema sin perturbar (11.1.43), y
que no nos aporta ninguna informacion nueva.

Igualando los coeficientes de los términos A*, obtenemos:
H 1,[)(0) + HOw(l) E(l)w(o) + E(O)lll(l)

A& + EPypSY = EPpl? — Byl (11.1.52)

a) Correccion de primer orden de la energia. Para determinar E,Sl),

multiplicamos la ecuacién (11.1.52) por ¢,§°)* e integramos a todo espacio. Obtenemos
asf:

Utilizando la propiedad de hermiticidad para el Hamiltoniano H°, tenemos que

el primer término de la izquierda de la ecuacion (11.1.53) queda como sigue:
<¢r(r?)|ﬁ0|¢r(ll)> - <¢1(11)|EO|¢7('3)>* _ <¢1(11)|ﬁ0¢1(r?)>* < (1)|E(0)¢(0)>*
= £ [pPf?) = E9 (b @) @154
donde hemos usado la ecuacién de Schrddinger sin perturbar (11.1.43). Sustituyendo la
ecuacion (11.1.54) en (11.1.53), y usando la condicion de ortonormalidad < (°)|zp(°)>

dmn) Para las funciones de ondas no perturbadas, obtenemos:

(Erﬁ])—E£°))< (o)|¢(1)> EDs, - <¢(°)|H |¢(O>> (IL1.55)
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Sim = n, el lado izquierdo de la ecuacién se anula y la ecuacién queda como
sigue;
B = (| |p?) = fzp“’)* pOdr  (11.1.56)
De manera que la correccidn de primer orden a la energia se obtiene

promediando la perturbacion H' sobre las correspondientes funciones de ondas sin

perturbar. Haciendo A = 1 en la ecuacion (11.1.48), tenemos:

E,~EX +EN =EY + f Py AP dr (11.1.57)

b Correccion de primer orden de la funcion de ondas. Para m + n, la ecuacion

(11.1.55) queda como sigue.

(EY - E,E‘”)( (°)|¢(1)> <¢(°)|H |¢(°)> (I 1.58)
Puesto que la solucién de la ecuacién de Schrodinger del sistema no perturbado

genera un conjunto completo de funciones propias sin perturbar zp,(,f) del operador

hermitico A°, las correcciones de primer orden a la funcion de ondas desconocida

pueden expresarse como combinacion lineal de estas:

W Zam @ donde a,, = <¢31|¢,§1)> (IL. 1.59)

A

Identificando en la ecuacion (11.1.58) <1pm|zp(1)> con a,y,, la ecuacién queda:
(EQ — E) ay = - (w,(,?)|ﬁ'|¢,§°)>, m#n (IL1.60)

Dividiendo entre (E,(,f) - E,EO)) obtenermos:

(| |w?) .
An =—=—"5— MF*n A
"B ED

Todos los coeficientes del desarrollo (11.1.59) se calculan usando la ecuacién

(11.1.61), salvo el coeficiente a,, correspondiente a z,b,(lo). La expresion para la correccion

de primer orden de la funcién de ondas se escribe:

(o)|A|¢(o)>

M _ <— ©

D= 5 (11.1.62)
m#n n m

donde el subindice de la sumatoria determina que esta se extiende sobre todos los

estados sin perturbar, salvo el estado n. Haciendo A = 1 en la ecuacién (11.1.49) y
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haciendo uso solamente de la correccion de primer orden de la funcién de ondas,
obtenemos como aproximacion de la funcion de ondas perturbada la expresion:
0 0
<¢() |¢( )>
a0+ Y ot
E® _g©

m#n n

Haciendo un tratamiento similar es posible llegar a las correspondientes

9 (11.1.63)

correcciones de segundo orden de la energia y la funcion de ondas:

O\ (o>>
EP = Z|< E(OLH |¢0 | (1L 1.64)

m#n
La inclusion de E,(1 den la ecuacion (11.1.48) con A =1 da como energia
aproximada para el estado perturbado:

2
En~=E® + H'p + Z E(O+’”E|(O) (I1.1.65)

m#n-n

La ecuacion (11.1.63) muestra que el efecto que produce la perturbacion sobre
la funcion de ondas 1/)7(10) es mezclar contribuciones de otros estados wf,f) con m # n.
Debido a la presencia del factor 1/ (E,SO) - E,(,?)), la contribuciones méas importantes (a

parte de la 1/),(10)) a la funcion de ondas perturbada provienen de los estados con energias

mas proximas a la del estado n.

/lL1c4  Método de perturbaciones de segundo orden de Mdller-Plesset (MP2)

El tratamiento de Mdller-Plesset esta basado en la teoria de perturbaciones, y
constituye un modo eficaz de introducir la correlacién electronica en las funciones de onda
de HF. Asi, Méller y Plesset propusieron valores para H, y H' con el fin de corregir la
energia calculada mediante las ecuaciones de HF, siguiendo un tratamiento perturbativo.
Esta aproximacion se suele expresar con el acrénimo MPn, donde n es el orden en que
se trunca la perturbacion (MP2, MP3, MP4...). Seglin la aproximacion MP:

A, = ifi (11.1.66)

i=1

es decir, se considera el Hamiltoniano sin perturbar como la suma de los operadores de

Fock unielectronicos en la forma en que se expresan en la ecuacién (11.1.35). Asimismo,

'Pn(o) es la funcion de ondas HF (un determinante de Slater formado por orbitales
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. Lo 0 2 P
ocupados). Por analogia, el autovalor genérico E,(1 ) pasara a ser la suma de las energias

orbitales de todos los operadores unielectrénicos:
ocupados
HOWO = Z W0 (11.1.67)
i

Pero esta no es la forma en que se calcula la energia HF, sino que
generalmente se obtiene el valor de expectacion de la energia para el Hamiltoniano
corregido. El problema de la energia obtenida en (11.1.67) es que en ella se tienen en
cuenta las repulsiones electronicas por duplicado (una vez por cada orbital
correspondiente a cada par de electrones). Mediante la correccién de este problema, el
Hamiltoniano resultante nos proporcionard una funcién de ondas HF mejorada y sus
autovalores vendran dados por la diferencia entre la contabilizacion de la repulsion
interelectrénica una sola vez y la contabilizacion de esta por duplicado. El término

genérico de correccion H', en unidades atomicas, tiene la forma:

ocup ocup ocup ocup

—~ 1 1
H'= Z Z_‘ E E Uy —5 Ky (11.1.68)
— T L
i Jj>i i Jj

en la cual el primer término es la manera exacta de considerar la repulsién electronica (tal
y como aparece en el Hamiltoniano de la ecuacion (11.1.4)) y el segundo expresa como
se computa ésta desde los operadores de Fock aplicados sobre orbitales ocupados,
donde J es el operador de Coulomb y K el operador de intercambio.

La energia corregida de primer orden segln el esquema MP podra considerarse

como la suma de los dos primeros términos de la ecuacion (11.1.48):

Ex) + B = @ 1A 1n”) + 1 ) = 1O + A )
= Eyr (1.1.69)

Asi, la energia de HF es la energia correcta obtenida mediante el tratamiento
perturbativo de primer orden de Méller-Plesset. MP1 no supone, pues, ninguna ventaja
sobre lo que ya habiamos obtenido, por lo cual hay que llegar, al menos, a la
aproximacion de orden 2. Para evitar un tedioso desarrollo matematico, se expone
simplemente la forma final que tiene la correccion. Para obtenerla hay que partir de la

ecuacion (11.1.49), teniendo en cuenta el teorema de Brillouin y las reglas de Condon-
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Slater:

oCup ocup vir vir

[(ijlab) — (ialjb)]?
@ _
DY T

i Jj<i a

donde iy j son orbitales ocupados del estado fundamental y a y b son orbitales virtuales
(del estado excitado).

La suma de las correcciones de orden 0, 1y 2 (EX”, EX, E$) nos dara la
energia MP2.

Los métodos MPn, y en general los métodos que corrigen la energia HF
considerando los efectos de la correlacion electrdnica, se engloban dentro de los
denominados métodos post-HF, pues afiaden correcciones al modelo HF basico.

El método MP2 escala con N°, donde N es el nimero de funciones de base.
Asi, los calculos MP2 pueden realizarse con un coste computacional razonable, debido a
que la expresion (11.1.70) puede evaluarse eficientemente. Asi, puede considerarse como
una de las vias menos costosas, en tiempo de computacion, para tener en cuenta la
correlacion electrénica, ya que, tipicamente, considera el 80-90% de la energia de
correlacién, aproximadamente, con una buena funcién de base.

El método MP2 puede modelar satisfactoriamente una gran variedad de
sistemas, y las geometrias calculadas son, generalmente, bastante precisas. Sin
embargo, existen problemas para los cuales la teoria MP2 no da buenos resultados. En
general, cuanto mas inusual sea la estructura electrénica de un sistema, mayor sera el
nivel de teoria que se necesitara para modelarlo. La teoria de perturbaciones trabaja
mejor con perturbaciones pequefias, para las cuales la convergencia de los desarrollos en
serie de potencias de Taylor de las ecuaciones (11.1.48) y (11.1.49) es relativamente
rapida. Sin embargo, en la teoria MP la perturbacion aplicada es la energia de repulsién
interelectronica, cuya contribucion a la energia total del sistema es bastante grande. De
manera que es de esperar que un calculo MP2 no rinda un valor de energia de
correlacion particularmente bueno. Ademas, la tedrica MP no es variacional, es decir, es
posible que la estimacion MP2 para la energia de correlacion electrénica sea demasiado
grande (aunque es una situacion poco frecuente debido a las limitaciones de las
funciones de base que tienden a introducir un error que se traduce en valores
infraestimados de la energia de correlacion).

Los érdenes superiores del método MP se usan en aquellos casos en los que
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los resultados MP2 son inadecuados. Generalmente, el método MP3 no proporciona
grandes mejoras a los resultados MP2, aunque si supone un gran aumento del coste
computacional. En contraste, el método MP4, aunque mucho mas costoso, trata
exitosamente muchos de los problemas que MP2 no abarca. Al igual que lo sucedido con
MP3, los métodos MP5 son raramente usados ya que las mejoras proporcionadas en los

resultados no se compensan con el tiempo de computacion que conllevan.
/l1d CONJUNTOS DE BASE

El conjunto de funciones de base es el conjunto de funciones matematicas a
partir de las cuales se construye la funcion de ondas del sistema. Cada orhital molecular
se expresa como una combinacion lineal de funciones de base, cuyos coeficientes se
determinan mediante la resolucion iterativa de las ecuaciones HF SCF. La funcion de
ondas se expresa como un determinante de Slater construido por cada uno de los
orbitales moleculares individuales ocupados. El objetivo es aproximarse al limite de HF
(lo cual supone el empleo de un conjunto de base infinito, para asi definir de manera
6ptima la densidad de probabilidad electrnica) de la forma mas eficiente posible. La
eficiencia a tal aproximacién implica tres consideraciones:

1. Que el nimero total de funciones empleadas sea minimo.

2. Que los conjuntos de funciones de base permitan la evaluacion de las

integrales de una forma computacionalmente eficiente.

3. Que las funciones de base elegidas sean (tiles para describir el problema

desde el punto de vista quimico.

La optimizacién simultanea de estas tres consideraciones es el fundamento del

desarrollo de un conjunto de funciones de base, que pueda ser usado para la

construccion eficiente de la funcién de ondas del sistema.

/1d1  STOyGTO’s

Los orbitales tipo Slater, 0 STO, presentan una serie de ventajas asociadas al
grado con el cual estos se asemejan a los orbitales atémicos hidrogenoides. Sin embargo,
en la teorfa HF, suponen grandes limitaciones ya que no existen soluciones analiticas a

las integrales de cuatro centros (11.1.38) cuando las funciones de base son STO's, por lo
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que la resolucién numérica de estas integrales tiene limitada su utilidad para sistemas de
tamafio relativamente grande.
Boys, en 1950, propuso que las integrales de cuatro centros tendrian solucion

analitica si el decaimiento radial de las funciones base se expresara en términos de

_r2 _ . . . .
e~ ""en lugar de e™". Es decir, si las funciones de base se escogieran de manera que
presentaran la forma de una funcién gaussiana;

3/41(8a) i+ +kil ji k1]

/2
) G| <

d(x,v,2; a,i,j, k) = (7)
donde a es un exponente que controla la anchura del orbital tipo gaussiano o0 GTO, y los
indices i, j y k son nimeros enteros no negativos que dictan la naturaleza del orbital en
un sentido cartesiano. Cuando estos tres indices son cero, el GTO tiene una simetria
esférica y se denomina GTO tipo s. Cuando uno de ellos tiene valor 1, y el resto cero, la
funcion tiene simetria axial y se denomina GTO tipo p, cuando la suma es igual a dos,
tenemos un GTO tipo d y asi sucesivamente.

Las funciones GTO presentan propiedades especificas que disminuyen su
utilidad como funciones base, como el ser diferenciable para » = 0 (el nlcleo atémico), y
el presentar un decaimiento mas acusado que los STO a medida que aumenta .

Para combinar los aspectos positivos de los GTO (eficiencia computacional) con
las propiedades radiales de los STO, en un calculo SCF no se utilizan GTO's individuales,

sino una combinacion lineal de GTO's que reproduzcan lo mejor posible un STO:

M
o(x,y,z:{a},i,j k) = Z a6, .2 ag i) k) (I1.1.72)
a=1
donde M es el nimero de gaussianas utilizadas en la combinacion lineal (denominadas
gaussianas primitivas, PGTO's), y los coeficientes c, se eligen de manera que optimicen
la forma de la funcién base suma y la obtengamos normalizada.

Cuando una funcion base se define como combinacion lineal de gaussianas, se
denomina funcién base contraida. De esta forma, en un conjunto de funciones base de
GTO's contraidas, cada funcién base se define mediante el coeficiente de contraccion ¢ y
los exponentes a de cada una de sus primitivas. El grado de contraccién hace referencia

al nimero total de gaussianas primitivas usadas en la combinacion lineal.
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/1d2.  Conjunto de base z-Simple, Miftiple y Valencia desdoblada

Cuando cada uno de los orbitales atémicos, desde los “core” hasta los de
valencia, se define mediante una Unica funcién de base, al conjunto se le denomina
conjunto de base minima o z-simple.

Hehre, Stewart y Pople fueron los primeros que, sistematicamente,
determinaron coeficientes de contraccion y exponentes Optimos para simular STO's
mediante GTO's contraidas y desarrollaron las primeras bases minimas, denominadas
STO-MG, donde M es un nimero entre 2 y 6 que representa el nimero de primitivas
utilizadas. Descubrieron que la combinacién optima de velocidad y precision (cuando se
comparaba con calculos utilizando STQ's) se conseguia para M = 3, y se le denomind
como funcién STO-3G, la cual actualmente se ha desarrollado para casi todos los
elementos de la tabla periodica. Estos conjuntos de base se caracterizan por imponer los
mismos exponentes orbitales a las funciones tipo s y p.

Puede aumentarse la flexibilidad de las funciones de base disminuyendo el
grado de contraccién de estas. Asi, si consideramos el conjunto de base STO-3G y, en
lugar de construir cada funcién de base como la suma de tres gaussianas, empleamos
dos funciones de base para cada orbital atémico (siendo la primera de ellas una
contraccion de dos primitivas gaussianas, y estando constituida la segunda simplemente
por la tercera primitiva gaussiana normalizada) no estariamos aumentando el tamafio del
conjunto de funciones de base, aunque si el de la ecuacién secular. Un conjunto de
funciones de base que emplea dos funciones, que difieren en sus exponentes orbitales,
para cada orbital atémico, se denomina base doble-z y se denota DZ. Si representamos
cada orbital atémico mediante tres funciones, que difieren en sus exponentes orbitales,
tenemos una base triple-z, (TZ). Asi, este tipo de conjuntos de base se engloban dentro
de los denominados mdltiple-z.

Por poner un ejemplo, consideremos la molécula de eteno (C,H,). Una base
minima de gaussianas contraidas consta de una GTO contraida para cada orbital atémico
de capa de valencia y de capa interna, para cada atomo que conforma la molécula de
estudio. Asi, en el caso del eteno, tendremos una GTO contraida 1s, 2s, 2py., 2py, 2p,
para cada atomo de carbono y una GTO contraida 1s para cada atomo de hidrégeno. En
total serian 12 funciones de base. Si empleamos una base tipo doble-z, cada GTO

contraida de una base minima es remplazada por dos GTOs que difieren en sus
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exponentes orbitales. Para el eteno una base doble-z consta de dos GTOs 1s sobre cada
hidrégeno y dos GTOs 1s, dos STO 2s, dos 2p,, dos 2p,,, dos 2p, para cada atomo de
carbono, lo que hace un total de 24 funciones de base en la descripcion del sistema.
Desde el punto de vista del enlace quimico, sabemos que los orbitales de
valencia se ven muy afectados por la formacion del enlace, mientras que los orbitales
“core” permanecen practicamente inalterados. Por tanto, es conveniente asignar mayor
flexibilidad a las funciones de base que describan a los orbitales de las capas mas
externas y otorgar mayor rigidez a las funciones que describan los orhitales de las capas
internas. El reconocimiento de este fendmeno dio lugar al desarrollo de los denominados
conjuntos de base de valencia desdoblada. En este tipo de bases, los orbitales “core” se
representan mediante una Unica funcién de base contraida, mientras que los orhitales de
valencia son desdoblados en un nimero arbitrario de funciones. Asi, una base de
valencia desdoblada usa dos 0 mas GTOs para cada OA de valencia pero solamente una
GTO para cada OA de capa interna o de “core”. Una base de valencia desdoblada es
minima para los OA de capa interna, y doble-z (o triple-z, etc.) para cada OA de valencia.
Las series de valencia desdoblada se denominan doble zeta de valencia (VDZ), triple zeta

de valencia (VTZ), etc.
/1.d3  Funciones de polarizacion y funciones difusas

Los orhitales moleculares describen multiples nicleos en diferentes posiciones
del espacio. Los conjuntos de base de valencia desdoblada permiten cambiar el tamafio
de los orbitales pero no su forma. Sin embargo, los orbitales atémicos se distorsionan,
desplazando sus centros de carga, como consecuencia de la formacion del enlace. Para
otorgar la suficiente flexibilidad matématica a la funcién de base de manera que permita
describir adecuadamente la funcidn de ondas del sistema en estudio, se recurre a la
adicion de funciones de base a los GTO's utilizados para describir cada orbital. Estas
funciones adicionales reciben el nombre de funciones de polarizacion.

Las funciones de polarizacion afiaden, a las funciones de base empleadas para
describir un atomo dado, orbitales con un nimero cuantico de mayor momento angular
que los orbitales de valencia. Asi, para un atomo del primer periodo, las funciones de
polarizacion mas usadas son GTO's de tipo d, mientras que para el hidrégeno se

emplean GTO's de tipo p.
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Una extensa variedad de propiedades moleculares son sensibles a la presencia
de funciones de polarizacion. Por ejemplo, para realizar una prediccion razonable de la
geometria de moléculas conteniendo atomos del segundo periodo en situaciones de
enlace hipervalente se requiere del uso de funciones de tipo d.

Debido al coste computacional que supone el empleo de funciones de
polarizacion, tipicamente se hace uso de un (nico conjunto de este tipo de funciones.

Otro aspecto a tener en cuenta a la hora de definir nuestro sistema es la
presencia de grupos que contengan densidad electronica significativa relativamente lejos
del ndcleo, como pares electronicos sin compartir, aniones, sistemas en estados
excitados o con bajo potencial de ionizacidn, etc. Si el conjunto de base empleado no
posee la flexibilidad necesaria para permitir a los electrones débilmente enlazados
situarse lejos de la densidad electronica restante, pueden obtenerse grandes errores en
las energias calculadas y en el resto de propiedades moleculares. En este tipo de
situaciones es muy importante el empleo de funciones difusas. Las funciones difusas van
acompafiadas de exponentes orbitales cuyos valores determinan la magnitud de su
caracter difuso. Asi, una funcién altamente difusa posee un exponente orbital muy
pequefio (normalmente comprendido entre 0.01y 0.1).

El empleo de difusas supone la adicion de funciones tipo s y tipo p, que difieren
en sus exponentes orbitales, al conjunto de base para los atomos mas pesados. En
situaciones especiales de enlace puede ser recomendable el empleo de difusas sobre los
atomos de hidrégeno, lo cual supone la adicion de un conjunto de funciones difusas tipo s
sobre cada atomo de hidrdgeno. Para el calculo de afinidades electronicas y enlaces de
hidrégeno, entre otras propiedades moleculares, las funciones difusas son absolutamente

imprescindibles.

/l1.d4.  Conjuntos de base de tipo Pople

Entre los conjuntos de base de valencia desdoblada mas ampliamente usados
se encuentran los conjuntos de base desarrollados por Pople y colaboradores. Estos
conjuntos de base incluyen a las denominadas 3-21G, 6-21G, 4-31G, 6-31G y 6-311G. La
nomenclatura de estos conjuntos de base es una guia del esquema de contraccion
empleado. El primer nimero indica el nimero de gaussianas primitivas usadas en la
representacion de los orbitales “core”. Los nimeros tras el guién indican los ndmeros de

primitivas utilizadas en las funciones de valencia (si hay dos nimeros, es una base de
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valencia doble-z, si hay tres nimeros, se trata de una base de valencia triple-z). Este tipo
de notacioén es muy informativa, pues especifica el nimero de primitivas usadas en cada
una de las funciones contraidas.

Uno de los aspectos de los conjuntos de funciones base de Pople es que se
utiliza la llamada contraccién segmentada. Esta implica que las primitivas utilizadas para
una funcion de base no se utilizan para otra funcion de base del mismo momento angular,
por ejemplo, no existen primitivas comunes entre las funciones de base 2s y 3s para el
fosforo. Este esquema de contraccion es tipico de conjuntos de funciones de base
antiguos. Al igual que los conjuntos de base STO-MG, las bases de Pople de valencia
desdoblada utilizan los mismos exponentes orhitales para las funciones s y p. Esto
implica un incremento de la eficiencia computacional, pero disminuye la flexibilidad del
conjunto de base.

La flexibilidad de los conjuntos de tipo Pople puede aumentarse mediante la
adicion de funciones de polarizacion y de funciones difusas. En esta familia de conjuntos
de base, la presencia de funciones de polarizacién se denota por el simbolo “*". Asi 6-
31G* significa que se afiade un conjunto de funciones tipo d para polarizar las funciones
de tipo p de la base 6-31G en atomos pesados, y 6-31G** nos indica que, ademas, se
afiade un conjunto de funciones tipo p sobre el hidrégeno y el helio. Del mismo modo, la
presencia de funciones difusas se indica mediante el simbolo “+” en el nombre. Asi, 6-
31+G* indica que el conjunto de funciones base se ha aumentado con un conjunto de
funciones s y otro de funciones p, que poseen pequefios exponentes, para los atomos
pesados. Si el nombre es 6-31++G* nos indica que, ademas, se ha aumentado con un

conjunto de funciones difusas tipo s para el hidrégeno.

/1.d5.  Conjuntos de base consistentes con la correlacion

Como se ha mencionado anteriormente, las bases de tipo Pople emplean un
esquema de contraccion segmentada. Sin embargo, ciertos conjuntos de base,
destinados a la produccion de funciones de ondas muy precisas, a menudo emplean un
esquema de contraccién general. Este esquema fue propuesto por Raffenetti. Segun
dicho método, existe un conjunto sencillo de primitivas que se usan en todas las funciones
de base contraidas, pero que aparecen con diferentes coeficientes en cada una. Este

esquema de contraccidn general posee ciertas ventajas sobre el esquema de contraccion
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segmentada. En términos de eficiencia, bajo este esquema de contraccion, las integrales
que engloban el mismo tipo de primitivas pueden ser calculadas una sola vez y ser
reservadas para un posterior uso.

Un ejemplo de conjunto de funciones de base que emplean este esquema de
contraccion son los conjuntos de base de valencia desdoblada desarrollados por Dunning
y Huzinaga, denominados cc-pVnZ. El acrénimo de estas bases se refiere al nombre
consistente con la correlacion, “cc”, polarizada, “p”, y de valencia, “VnZ" (donde n puede
ser D, T... denotando doble, triple...). La parte consistente con la correlacién implica que
los exponentes y los coeficientes de contraccion se optimizan variacionalmente no sélo
para calculos HF, sino también para calculos que incluyan la correlacion electronica. La
familia de Dunning cc-pVnZ es un conjunto de funciones de base que incluyen funciones
de polarizacién por defecto y, ademas, se les puede adicionar funciones difusas. La
presencia de funciones difusas sobre todos los atomos se indica mediante el prefijo “aug-
“. Ademads, se aflade un conjunto de funciones difusas para cada momento angular
presente. Asi, aug-cc-pVTZ tiene funciones difusas f, d, p y s sobre los &tomos pesados
y funciones difusas d, p y s sobre el hidrdgeno y el helio. A diferencia de las bases de
Pople, las bases D-H (Dunning-Huzinaga) no tienen la restriccion de imponer iguales
exponentes para las funciones s y p, con lo cual son mas flexibles, pero

computacionalmente mas costosas.

/l1e TEORIA DEL FUNCIONAL DE DENSIDAD

/l1e Filosofia DFT

Como se ha mencionado, los métodos ab initio se fundamentan en los principios
fundamentales de la mecanica cuantica para tratar de resolver la ecuacién de Schrédinger
planteada para la funcion de ondas molecular. La funcion de ondas electrénica depende
(bajo la aproximacion de Born-Oppenheimer, que considera fijas las posiciones nucleares)
de la coordenada de espin y de las tres coordenadas espaciales de cada electrdn, por lo
que, para sistemas con mas de un electrén, no es particularmente intuitiva.

El hecho de expresar la funcién de ondas como un determinante de Slater de
orhitales unielectronicos la hace mas inteligible, pero aun asi sigue siendo un concepto
dificil de interpretar, aunque proporciona las respuestas apropiadas cuando es

preguntada por los operadores mecanocuanticos.
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La Teoria del Funcional de Densidad (DFT) no se basa en la funcién de ondas
molecular, sino en la funcion de probabilidad o de densidad electronica. La premisa de la
que parte esta teoria es que la energia de una molécula puede determinarse a partir de la
densidad electrénica y tiene su base en el teorema de Hohenberg-Kohn.

La principal ventaja del tratamiento DFT sobre otras aproximaciones basadas en
la funcién de ondas molecular puede entenderse mejor considerando lo siguiente: para un
sistema de n electrones, su funcién de ondas molecular dependera de tres coordenadas
espaciales por electron y una coordenada mas si se incluye el espin, lo que hace un total
de 4n coordenadas. Sin embargo, la densidad electronica depende de tres coordenadas
independientemente del nimero de electrones que constituyen el sistema [36]. De este
modo, aunque la complejidad de la funcién de ondas aumenta con el nimero de
electrones, la densidad electronica mantiene el mismo nimero de variables
independientemente del tamafio del sistema.

Aunque en principio se aplico sélo para la obtencién de las energias
electronicas en el estado fundamental, posteriormente esta teoria fue extendida por Kohn
y Sham como un método cuya formulacién es similar a la estructura que sigue el método

Hartree-Fock.

/ll1el  Método del campo autoconsistente de Kohn-Sham

En esta formulacién, la densidad electrénica se expresa como una combinacion
lineal de funciones de base que, en su formulacion matematica, son parecidas a los
orbitales HF, denominadas orbitales de Kohn-Sham.

Kohn y Sham tomaron como punto de partida un sistema ficticio en el que los
electrones no interactuaran entre ellos, cuya densidad electronica del estado fundamental
fuese igual que la de otro sistema en el que los electrones si lo hicieran (al depender la
densidad electronica exclusivamente de las posiciones de los nicleos estas cantidades
son necesariamente iguales).

A continuacién definieron el funcional de energia. Matematicamente, un
funcional es una funcién que tiene como variables otras funciones, que a su vez
dependen de ciertos pardmetros. En este caso, la energia esta expresada en funcion de
la densidad electrénica, que es a su vez funcion de las coordenadas electrénicas.

Dicho funcional fue dividido en diferentes componentes:
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Elp(r)] = Tnilp(] + Ve [p(] + Vee [p()] + AT[p(r)] + AV, [p(r)]  (11.1.73)

donde T;,; da cuenta de la energia cinética de los electrones no interactuantes, V,, de la
interaccion electron-nicleo, V,, es la repulsién electrén-electron clasica, AT es la
correccion a la energia cinética derivada de la naturaleza interactuante de los electrones,
y AV,, es la correccién no clasica a la interaccion electron-electron. Expresando la

densidad en funcién de los orbitales de Kohn-Sham:

nicleos

Y CI SR DYy P XU i
t 3
Exlp()] (11.1.74)

donde N es el nimero de electrones y hemos considerado que la densidad es:

N
p= > (ulx) (L175)
i=1

Los términos AT y AV,, de la ecuacion (11.1.73) se han incluido juntos en el
término E,..[o(r)], que incluye la energia de correlacion e intercambio.
La ecuacion que permite encontrar los orbitales de Kohn-Sham que minimicen
los pseudo-valores propios de energia es:
RESy; = eixi (1.1.76)

donde el operador unielectronico de Kohn-Sham vendra dado por la expresion:

nicleos

1 Z r'

—dr' + Ve (IL1.77)

' |7i — 7] [y — 7|

siendo:

SE
Vee = Wj‘c (11.1.78)

donde V. es la derivada de un funcional, es decir, un operador unielectrénico para el que
el valor de expectacion de los determinantes de Kohn-Sham es la llamada energia de
correlacion e intercambio.

Cabe resaltar que, como la E de la ecuacion (11.1.73) (expresion que estamos

minimizando) es exacta, los orbitales y deben proporcionarnos la densidad electrénica
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exacta. La suma de los autovalores de los operadores de Kohn-Sham sobre dichos

orbitales puede expresarse como:

RS |xaxa o xn > = Zsi [x1x2 - xn > (11.1.79)

1 =1

N N
i=

lo que demuestra que la aproximacion de Kohn-Sham, consistente en considerar la
densidad del sistema no interactuante igual a la del sistema real, es una buena
aproximacion. La obtencion de la forma de los orbitales de Kohn-Sham se hace partiendo
de combinaciones lineales de funciones de base {¢} y calculando los coeficientes
mediante la resolucion del determinante secular, siguiendo un procedimiento matematico
analogo al del apartado Il.1.b para la teoria de HF, en el que los términos F,, son

sustituidos por términos K,,,, de la forma:

nicleos

Zy p(r")
Ir — 7l [r —7']

Kuy = (Pul — %172 - dr’ + Veeldy) (11.1.80)

La diferencia clave entre la teoria HF y la DFT es que para la Ultima no hemos
hecho ningun tipo de aproximacion, es decir, es exacta en su planteamiento del problema
y para obtener resultados exactos sélo necesitariamos conocer la forma exacta de E,..
como funcion de la densidad electronica, lo cual no es del todo posible.

En resumen: HF es una teoria aproximada cuyo desarrollo se debe, en parte, a
que es posible resolver exactamente las principales ecuaciones, mientras que DFT es una
teoria exacta en la que algunas de las ecuaciones deben resolverse de forma

aproximada.

/lL1e2  Funcionales de intercambio y correlacion

La metodologia KS tiene muchas similitudes y pocas, aunque importantes,
diferencias con respecto a la aproximacion HF. La principal de ellas puede ser cdmo
determinar la forma de E,., funcional de correlacidn e intercambio. Cabe sefialar que la

dependencia de E,. con la densidad electronica es expresada como:

Evelp()] = f p()ere [p(P]dr (I1.181)
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Para tener en cuenta la correlacion electronica deben introducirse en el

formalismo Kohn-Sham diferentes aproximaciones, de entre las cuales cabe destacar:

a) Aproximacion de la Densidad Local (LDA):

La aproximacién mas simple para introducir la correlacion electrénica es la
llevada a cabo mediante el esquema de la densidad local. Esta aproximacion considera
un gas electrénico uniforme (aquel en el cual la densidad electrénica, p(r), no varia con
la posicion) por lo que la energia ¢, puede calcularse, en cualquier posicion, tnicamente
partiendo de la densidad electrénica en dicha posicion, es decir, del valor “local” de la
densidad. La aplicacion del formalismo matematico que implica la metodologia KS nos
devuelve las ecuaciones para la energia de intercambio y correlacién. Considerar el gas
electronico uniforme como punto de partida para la obtencion de dichas ecuaciones no es
equivalente a asumir que la densidad electronica de una molécula es una constante en el
espacio. Sin embargo, si que se asume que la energia de intercambio-correlacion en una
determinada posicién del espacio para la molécula es la misma que la que podria
definirse para un gas electronico uniforme que tuviera una densidad electronica igual a la
que puede medirse en dicha posicion.

Bajo esta aproximacion se suelen separar las contribuciones de la E,.. [p(r)]
en dos: una que contempla solo el intercambio y otra que contempla Unicamente la
correlacién. La forma mas general de expresar la primera es en funcién de la

dependencia de los funcionales con el espin, asi:

E[p(r)] = f p(exlp(r), Eldr (I1.1.82)

p(Ma—p()p

es la
p(m)

donde &,[p(r), €] es la energia de intercambio por electron y & =

polarizacion del espin, siendo p(1), Y p(r) g las densidades de espin correspondientes.
Para sistemas de capa cerrada p(r), = p(r)p Y la aproximacion recibe el nombre de
aproximacion de la densidad local (LDA). En cambio, para sistemas de capa abierta, las
densidades de espin son diferentes, de manera que la aproximacion recibe el nombre de
aproximacion de la densidad local de espin (LSDA).

No se han deducido formulaciones analiticas del funcional de correlacion. Sin
embargo, se han empleado simulaciones Monte Carlo del gas electrénico uniforme [37],

para parametrizar interpolaciones entre las formas conocidas del funcional en los limites
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de alta y baja densidad. Asi, existen funcionales de correlacion LDA, que han sido
ampliamente usados, desarrollados por Vosko et al [38] y Perdew [39].

En un sistema molecular, no obstante, la densidad electronica no es
espacialmente uniforme, por lo que cabe pensar que esta aproximacion tendra sus
limitaciones.  Asi, aunque la aproximacion LSDA proporciona resultados
sorprendentemente precisos para el estudio de la fisica del estado solido, no es un
modelo (til para el estudio de sistemas quimicos debido a su acusada sobrestimacion de

las longitudes de enlace y subestimacién de alturas de barrera de reaccion.
b Aproximacion del Gradliente Generalizado (GGA):

La densidad electronica en un atomo o molécula varia enormemente con la
posicién. Una mejora a la aproximacion LDA es considerar que la energia de correlacion
no depende s6lo del valor local de la densidad, sino de la variacién de dicho valor en el
espacio, es decir, del gradiente de densidad.

Los funcionales basados en la aproximacion del gradiente generalizado,
también denominados funcionales no-locales, emplean funcionales de energia €. que no
solo implican la correccién de la densidad electrénica segin LDA, sino también su
gradiente. Asi, el funcional de energia de intercambio y correlacién puede escribirse como
la suma del funcional de energia de intercambio y del funcional de energia de correlacion:

Exc = & T & (I11.1.83)

El funcional de intercambio mas conocido y ampliamente utilizado ha sido el
desarrollado por Becke, usualmente abreviado como “B”. Dicho funcional tiene un
comportamiento asintdtico correcto para la densidad de energia e incorpora un parametro
empirico, cuyo valor fue optimizado tomando como referencia el valor de la energia de
intercambio para atomos de gases nobles, un valor exactamente conocido.

Los funcionales GGA han demostrado proporcionar predicciones mas exactas
para el estudio de propiedades termodindmicas que los funcionales LDA pero, de igual
forma, subestiman las alturas de barrera de reaccion.

Respecto a la correlacion electronica, un funcional muy conocido es el
denominado LYP [109]. En este caso, no se corrige la energia LDA, sino que se computa

la energia de correlacién completa. Dicho funcional contiene cuatro parametros empiricos
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que se obtienen del ajuste del a&tomo de He. De todos los funcionales de correlacion, es el

Unico que elimina por completo el error de auto-interaccion en sistemas unielectrénicos.

/l1e3  Funcional Hibrido B3LYP

Probablemente, uno de los més claros avances en el desarrollo de los
funcionales de intercambio-correlacion se produjo en 1993, cuando se introdujo una
fraccion de intercambio Hartree-Fock (HF) en el funcional de intercambio.

Los funcionales hibridos incrementan la energia de intercambio-correlacion DFT
mediante la adicidn de un término calculado mediante la teorfa HF. En la teoria de HF una

manera de expresar la energia electrénica es:

n

n
i=1 i=1j=1

donde la suma corre sobre los ‘n’ orhitales espaciales ocupados. Si eliminamos de esta
expresion el primer término, que implica la energia cinética de los electrones y la
atraccién electron-nlcleo, y el término que da cuenta de la energia de Coulomb, la

expresion resultante quedaria:

NgE

& = —

K;; (I1.1.85)
1

4

n
Jj=

Il
fay

Si ahora sustituimos en la expresion (11.1.85) los orbitales de KS, los cuales son
muy similares a los orbitales HF, la expresion resultante se corresponderia con la energia

de intercambio de HF basada en los orbitales de KS:

n

BYF = —iZm“(l)w;“m

i=1j=1

PES (S (1)) (11.1.86)

1
rij

Puesto que los determinantes de KS son una representacion exacta de las
funciones de onda del sistema de electrones no interaccionantes, la energia EXF
corresponde a la energia exacta de intercambio de dicho sistema, cuya densidad
electronica es la misma que la del sistema real. Como es de esperar, el conjunto de base
empleado impondra limitaciones a la precision con la que se describan los orbitales

moleculares, y por tanto, a la energia EfF.
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Uno de los funcionales hibridos de intercambio-correlacién mas conocidos y
ampliamente usados, por la buena relacién entre la calidad de los resultados que se
obtienen y los moderados costes computacionales que supone su uso, es el conocido
como B3LYP (funcional hibrido GGA). Este funcional se engloba dentro de los
denominados métodos de conexion adiabética ( Adiabatic Connection Methods, ACM), los
cuales llevan a cabo el calculo de una fraccion mayoritaria de la energia total de
correlacién e intercambio de un modo exacto, mientras que la fraccion restante, mas
pequefia, es computada como la diferencia entre la energia total de intercambio-
correlacion DFT y la energia exacta HF (supuesto el sistema sin interaccién electronica),
multiplicada por un factor z que es determinado empiricamente mediante el ajuste de
datos experimentales, es decir:

Exe = EHF + z(EDFT — EFF) (11.1.87)

Este tratamiento puede extenderse a la inclusion de mas parametros, todos de
naturaleza empirica, al desglosarse las contribuciones de correlacion y de intercambio.

En primer lugar, Becke [108] desarrolld6 su funcional triparamétrico de
intercambio,”B3", para el funcional de correlacion PW91.

Mas tarde, Stevens y colaboradores aplicaron dicho formalismo y el funcional
B3 de intercambio con el funcional de correlacion LYP. La expresion que da cuenta de la

energia de correlacion-intercambio para este funcional B3LYP adopta la forma:;
EB3LYP — (1 — q)ELSDA 4 qEHF 4 pAEB + (1 — ¢)ELSPA 4 cELYP (11.1.88)

donde a, b y ¢ son tres parametros empiricos.

Sin embargo, aunque el funcional B3LYP, que ha tenido y sigue teniendo un uso
muy extendido, es el responsable de que la teoria DFT se haya convertido en una de las
herramientas mas populares de la quimica computacional, responde de manera poco

satisfactoria a algunas cuestiones, entre las que destacan las siguientes:

1. Alturas de barrera de reaccion: En un estudio donde se emple6 una base de
datos que incluia 76 alturas de barrera [40] se encontré que el funcional B3LYP rendia
una subestimacién de las mismas en un valor promedio de 4.4 kcal/mol. Esta
subestimacion se asocia usualmente al error de auto-interaccion de los funcionales
locales DFT.
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2. Interacciones no covalentes: B3LYP no describe apropiadamente interacciones
de medio alcance o de tipo van der Waals. Esta incapacidad del funcional B3LYP de
describir con exactitud la energia de intercambio para interacciones de medio alcance
limita su aplicabilidad al estudio de sistemas biologicos, donde los fendmenos de
dispersién juegan un papel crucial. Por otro lado, estudios recientes han probado que
dicha inexactitud en la energia de intercambio para interacciones de medio alcance
provoca grandes errores sistematicos en la prediccion de entalpias de formacion de
moléculas organicas [41-48] asi como tendencias incorrectas en el calculo de energias de
enlace de sistemas cataliticos organometalicos [49,50].

3. Estudio de sistemas conteniendo metales de transicién: se ha demostrado que
el funcional B3LYP, asi como muchos otros funcionales hibridos, dan resultados poco
fiables cuando se trata del estudio de la quimica de los metales de transicién [51-54]. Por
ejemplo, los funcionales que contienen intercambio HF a menudo sobrestiman la

polarizacion de espin de sistemas que contienen metales de transicion.

/l1e4.  Funcional Hibrido MO5-2X

Las limitaciones del funcional B3LYP motivaron el desarrollo de nuevos
funcionales que respondieran de forma mas precisa a los problemas que se han discutido.
Asi, Truhlar y colaboradores comenzaron a trabajar en 2001 para tratar de solucionar la
primera limitacion del funcional B3LYP, optimizando el funcional MPWI1K (funcional
hibrido GGA) [55] para una base de datos de alturas de barrera de reaccién que contenia
informacion de 22 reacciones quimicas.

En 2004, se desarroll6 el funcional BB1K [56] que rendiria mejores resultados
cinéticos y termoquimicos que MPW1K. El funcional MPWB1K fue desarrollado a
continuacion dando muy buenos resultados para el estudio de interacciones no
covalentes.

En 2005 desarrollaron el funcional PWB6K [57] con el fin de abordar los
problemas relacionados con el estudio de las alturas de barrera de reaccion (problema 1)
e interacciones no covalentes (problema 2). Este funcional demostré rendir resultados
excepcionales, especialmente para el tratamiento del problema 2 [58-60]. Ese mismo afio
se crearon dos bases de datos (TMAE9 [52] y MLBE21 [53]) que compilaban informacion
sobre energias de enlace de dimeros de metales de transicion, asi como de interacciones

metal-ligando, respectivamente (problema 3). De la evaluacion extensa de ambas bases
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de datos se concluyo la existencia de un conflicto entre los problemas 1y 3, ya que para
la obtencién de valores exactos de alturas de barrera de reaccion se requiere contar con
un elevado porcentaje de energia de intercambio HF, mientras que el estudio de los
metales de transicién se ve favorecido cuando los funcionales empleados incluyen bajos
porcentajes de intercambio HF. Asi, teniendo en cuenta los tres problemas descritos, se
desarroll6 el funcional M05 (abreviatura de Minnesota 2005) [61-62] el cual rindié buenos
resultados para el estudio de los metales de transicién asi como para el estudio de la
termoquimica de los elementos de los grupos principales, alturas de barrera e
interacciones no covalentes.

Con la misma forma que el funcional M05, se desarrollé el funcional M05-2X
[61] para el desarrollo del cual se centraron principaimente en la resolucién de los
problemas 1 y 2. El parametro 2X significa que incorpora una contribucion HF en el
potencial de intercambio doble respecto al funcional M05. Este funcional rindi6 resultados
incluso mejores que MO05 y otros funcionales en el estudio de la termoquimica y cinética
de elementos de los grupos principales, asi como en el estudio de interacciones no
covalentes [45,63-67].

El funcional M05-2X es un funcional hibrido meta-GGA cuyo funcional hibrido de

intercambio-correlacién puede escribirse como sigue;

X X
Exl’ =1og ¥ + (1 - m) ERFT + ERFT (11.1.89)

donde EXF es la energia de intercambio no local HF, X es el porcentaje de intercambio
HF en el funcional hibrido, E2FT es la energia de intercambio local DFT y E2FT es la

energia local de correlacion DFT. La ecuacion (I1. 1.89) puede rescribirse como:

X

EXP = EfF + (1 - m) (ERFT — E¥F) + EPFT (11.1.90)
donde puede apreciarse que la energia total de correlacién de un calculo DFT se computa

como la suma de la energia dinamica de correlacion dada por EZFT y la energia no

dinamica de correlacion contenida en el término (1 — %) (ERFT — glif),

El funcional M05-2X se evalu6 frente a una amplia seleccion de conjuntos de
prueba (bases de datos de enlaces de hidrogeno, interacciones metal-ligando, T — 7
stacking, interacciones débiles, entre otras) junto con otros 28 populares funcionales DFT.

De dichos test se concluyd que el funcional M05-2X se encontraba entre los cinco
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mejores funcionales para el estudio cinético y termoquimico de interacciones no

covalentes.

/l1e5.  Funcional puro MO6L

El desarrollo del funcional MO6L [68] se fundamentd principalmente en la
ventaja que para Truhlar y colaboradores suponia el empleo de funcionales locales, si se
estudian sistemas de gran tamafio. Comprobaron que un “single point” para un complejo
de porfirina-fullereno (138 atomos) era 15 veces mas rapido si se empleaba un funcional
local que empleando un funcional hibrido [69]. La segunda razon que los llevé a
desarrollar y optimizar un funcional local fue la utilidad que representa el empleo de este
tipo de funcionales a la hora de modelar sistemas donde participan elementos metalicos.
De hecho, estudios realizados sobre sistemas que contienen atomos metalicos han
demostrado que funcionales con mas de un 10% de energia de intercambio HF
proporcionan resultados poco exactos para un gran nimero de enlaces donde participan
metales de transicidn, lo cual es entendible teniendo en cuenta la mala computacion de la
correlacién estatica de los funcionales basados en el intercambio HF [70-74]. Aunque el
funcional M05, disefiado previamente, mostro rendir buenos resultados en el estudio de
sistemas conteniendo atomos de los grupos principales, en el calculo de alturas de
barrera de reaccion, asi como para el estudio de interacciones no covalentes, el grupo de
Truhlar se centrd en el disefio de un nuevo funcional puro, debido a las ventajas
computacionales comentadas previamente.

El funcional MO6L es un funcional local meta-GGA de intercambio-correlacion
que no contempla intercambio HF y que incorpora la densidad de energia cinética de
espin de un modo equilibrado en los funcionales de intercambio y de correlacion. Las
observaciones realizadas sobre el funcional VSXC (también denominado VS98) [75], que
demostrd proporcionar muy buenos resultados termogquimicos, en conjunto con aquellas
realizadas para el funcional M05, que probd rendir resultados razonablemente buenos
tanto para el estudio de interacciones no covalentes como para las alturas de barrera,
motivaron llevar a cabo una combinacion lineal de la forma de estos dos funcionales para
el disefio del nuevo funcional local MO6L.

La parte local del funcional MO6L depende de tres variables: la densidad de
espin (p,), gradiente de densidad de espin (x,) y la densidad de energia cinética de

espin.
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— |VP0|
7 pedlt
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1
=3 Z V9,12 (I.1.92)
i

c=a,f (11.1.91)

Como se ha comentado, el funcional MO6L incluye términos basados en el

funcional VSXC, los cuales, a su vez, implican una variable de trabajo z, y dos funciones

de trabajo y y h.
2T 3 2
Z, = 5—/"3 —Cr, Cp= g(6n2)§ (11.1.93)
Po
Y(x5,2g) =1+ a(x2 +2z;) (11.1.94)
d dix2+d dsxd + dyx2z, + dgz?2
h(mea) - < 0 172Ct7 2Zg 3Xg . 4X5Zg SZO'> (H. 1.95)
Y5, 25)  VE(Xo,25) e (X5, 25)

donde o denota la componente, a lo largo de un eje arbitrario, del momento angular de
espin electronico.

Asi, la forma del funcional MO6-L viene dada por:

EY%® = Z dr[F)ffE(Pavag)f(wa) + E)L(iDAhx(xa'ZU)] (I1. 1.96)
g

donde h,(x,,z,) se define en la ecuacion (11.1.82), F£25(p,,V,,) se refiere a la

energia de intercambio PBE, s,%iDA es la aproximacion de densidad de espin local para el

intercambio, y f (@, ) es el factor de mejora de la densidad de energia cinética de espin.

El comportamiento del funcional MO6L no s6lo destaca por encima de otros
funcionales locales, sino que también lo hace en comparacién con algunos de los
funcionales hibridos mas populares (B3LYP y M05 entre otros). De hecho, el error medio
para el funcional MO6L es menor, en un factor de 1.5, en relacion a aquel del funcional
B3LYP [63].

N1Ff MODELQS IMPLICITOS DE SOLVATACION

Cuando un soluto se sumerge en un disolvente, su distribucion de carga
interacciona con la del disolvente. En un modelo continuo, la distribucion de carga del
disolvente se tiene en cuenta como un campo eléctrico continuo que representa el
promedio de todos los grados de libertad del disolvente en equilibrio térmico. Este campo
se denomina “campo de reaccion” en las regiones del espacio ocupadas por el soluto. El

campo eléctrico en un punto determinado del espacio es el gradiente del potencial
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electrostatico ¢ en ese punto, y el trabajo requerido para crear la distribucién de carga
debe ser determinado a partir de la interaccion de la densidad de carga del soluto, p(7),

con el potencial electrostatico, ¢ (), de acuerdo con:

G = —%fp(r)d)(r)dr (I1.1.97)

La densidad de carga del soluto p(r) puede ser expresada como una funcién
continua de + o0 como puntos discretos de carga, dependiendo del modelo tedrico usado
para representar al soluto. La energia de polariacion, Gp, es, simplemente, la diferencia
del trabajo necesario para cargar al sistema en fase gas y en disolucién. Asi, para
computar la energia libre de polarizacién, tan sélo se necesita el potencial electrostatico

en disolucion y en fase gas.

I1f1 La ecuacién de Poisson

Todos los modelos implicitos de solvatacion dependen de la ecuacién de
Poisson de la teoria electrostatica clasica para expresar el potencial electrostatico como
una funcién de la densidad de carga y de la constante dieléctrica. La ecuacion de
Poisson, la cual es vélida en situaciones donde la constante dieléctrica del medio
responde de manera lineal a la inclusion de la carga del soluto, se escribe como:
4mp(r)
€

V2p(r) = — (11.1.98)

donde ¢ es la constante dieléctrica del medio. En la medida en que un modelo continuo
de solvatacion implica representar al soluto de manera explicita y al disolvente de manera
implicita, la distribucion de carga del soluto se figura como anclada en el interior de una
cavidad que desplaza al medio dieléctrico homogéneo. De esta manera, se definen dos
regiones: una en el interior y otra en el exterior de la cavidad, en cuyo caso, la ecuacién

de Poisson adquiere la forma:
Ve(r) -Vep(r) = —4mp(r) (I11.1.99)

Esta forma de la ecuacién de Poisson es valida en situaciones en las cuales la
fuerza idnica sea cero. En presencia de electrolitos méviles se aplica la ecuacion de
Poisson-Boltzmann:

kgT r
Ve(r) Vo(r) — e(r)A()x? %sinh [qZ)—(T) = —47p(r) (I1.1.100)
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donde g es la magnitud de la carga de los electrolitos, A es una funcién de ajuste que
toma un valor igual a 0 en regiones inaccesibles al electrolito e igual a 1 en el caso
contrario, y k2 es el parametro de Deby-Huickel dado por la formula:

8mq?l

2 =
« SkBT

(11.1.101)

donde /es la fuerza idnica de la disolucién electrolitica.

Asi, para determinar el potencial electrostatico en disoluciones conteniendo
solutos (electroliticos 0 no), es necesario resolver las ecuaciones (11.1.100) y (11.1.101)
en cada caso, usando la densidad de carga del soluto y una cavidad que defina cdmo

varia la constante dieléctrica del disolvente en interaccion con el soluto.

IN1f2 Definicion de la Cavidad

Si imaginamos una esfera que posee una distribucion dipolar de carga con un
momento dipolar y en interaccidn con un disolvente cualquiera, la energia de polarizacion
vendra dada por:

1[2(e = 1)|u

lEerla @102

Esta ecuacién es conocida con el nombre de ecuacion de Kirkwood-Onsager en unidades
atémicas.

En el contexto de la mecanica cuantica, se define el operador de energia de
polarizacién de Kirkwood-Onsager invocando a u como el operador momento dipolar en
la ecuacion (11.1.102). En este caso, la ecuacion de Schrodinger en disolucion toma la
forma:

_1[26 = D] @)
2{(2e+1) a3

u}w =E¥ (11.1.103)
donde H es el operador Hamiltoniano en fase gas.

La ecuacion (11.1.103) es un ejemplo de una ecuacién de Schrédinger no
lineal. Puede resolverse siguiendo el esquema HF, es decir, construyendo el
correspondiente determinante de Slater formado por orbitales moleculares que son

optimizados usando un operador de Fock modificado, segin:

2(e )
{Fi [(2 +1)] (q"“"”)z}llh—elwl (I1.1.104)
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donde F; es el operador de Fock en fase gas para el orhital molecular i.

Un calculo de este tipo implica un nivel adicional de iteracion en comparacion
con un célculo HF estandar. Asi, la funcién de ondas final no debe rendir Gnicamente una
matriz de densidad y un operador de Fock estacionarios, sino que también debe llevar a
la obtencién de un momento dipolar estacionario. La resolucion de las ecuaciones de HF
(0 las equivalentes de Kohn-Sham si se realiza un tratamiento DFT) llevado a cabo de
este modo, donde la inclusion del efecto de la solvatacion lleva a la obtencion de una
ecuacion de Schrddinger no lineal, es referida tipicamente como self-consistent reaction
field (SCRF).

La inspeccion de la ecuacion (11.1.103) revela que la forma en que se introduce
la dependencia con el momento dipolar en las ecuaciones conduce a un incremento del
momento dipolar del soluto en disolventes polares. Este incremento del momento dipolar
en el formalismo SCRF conlleva una disminucion energética del sistema en disolucion.

Las ecuaciones de Kirkwood-Onsager pueden generalizarse para incluir

momentos multipolares mediante la expresion:
1 L 1
Go==3) > > > MPAET M (1L1105)

donde cada componente m de cada momento multipolar M de orden [ interacciona con
el campo de reaccion, que es expresado como una expansion multipolar de igual
magnitud y de sentido opuesto a los multipolos moleculares, a través de los factores del
campo de reaccion f que llevan la dependencia de la constante dieléctrica y el radio de la
cavidad.

En lugar de resolver la ecuacién de Poisson-Boltzmann en un grid
tridimensional, las ecuaciones diferenciales se pueden redistribuir representando el
potencial usando una densidad de carga repartida sobre la superficie molecular. Para
hacer el célculo mas conveniente, la superficie molecular es teselada en forma de
triangulos esféricos, y la densidad de carga de cada elemento es colapsada en un punto
de carga en el centro de cada tridangulo. El potencial asociado con cada punto de carga se
incorpora como un término adicional en el operador Hamiltoniano. Asi, un calculo en

disolucién busca resolver entonces la ecuacion de Schradinger no lineal;

1
(H - EV) Y=FY (IL1.106)
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donde V es un potencial dentro de la cavidad, dependiente de ¥, que viene dado por la
distribucion de carga molecular. Este potencial entra en el Hamiltoniano de manera que
influye en la funcién de ondas molecular, siendo el proceso resultante un proceso
interativo. Cuando ¥ es expresada como un determinante de Slater, los orbitales que
minimizan la ecuacién (11.1.106) pueden ser determinados a través de:

(F, =Wy, = ep;  (11.1.107)
donde F es el operador de Fock. Existen expresiones analogas para DFT.

Formalmente, no existe ninguna diferencia con respecto a la situacién clasica,
salvo que la distribucion electronica de carga es continua y el caracter no lineal de las
ecuaciones introduce una componente iterativa en el procedimiento SCRF que permite la
relajacion de la distribucion de carga.

Quizas el esquema mas empleado para la implementacién SCRF de la ecuacion
de Poisson sea el originalmente formalizado por Miertus, Scrocco y Tomasi en 1981,
cuyos autores denominaron Polarized Continuun Model (PCM) [116].

El modelo PCM original ha sufrido un gran nimero de modificaciones. Algunas
de estas son puramente de caracter técnico, ya que tan sélo buscan mejorar el
comportamiento computacional del método. Por ejemplo, el formalismo de ecuacion
integral para resolver las ecuaciones SCRF relevantes que facilita la computacién de los
gradientes y propiedades moleculares (IEF-PCM [76]). Otras, en cambio, conllevan
modificaciones en cuanto a la definicion de la cavidad.

Bajo el modelo de Tomasi y colaboradores la cavidad se construye mediante
solapamiento de esferas atdmicas con un radio un 20% mas grande que el de sus

correspondientes radios de van der Waals.

OO0

Modelo Onsager Modelo de Tomasi IPCM SCIPCM
(dipoloy esfera) PCM

Figura 11.1.5. Representacion esquematica de los diferentes modelos implicitos de solvatacion (imagen tomada
de referencia [77] y editada)

De manera alternativa, Foresman y colaboradores [78] sugirieron definir la

cavidad como una region del espacio rodeada por una superficie arbitraria de
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isodensidad, es decir, una superficie caracterizada por un valor constante de densidad
electrénica. Esta superficie puede mantenerse fija (IPCM) o determinarse auto-
consistentemente, afiadiendo un nivel iterativo adicional al proceso SCRF (SCIPCM).
Parte de la motivacion para el desarrollo de estas dos Ultimas modificaciones al
modelo PCM original fue el de minimizar el nimero de parametros de la cavidad por
atomo. Sin embargo, los métodos IPCM y SCIPCM tienden a ser considerablemente
menos estables en su implementacion que el modelo PCM, y pueden ser causa de
comportamientos erraticos en sistemas cargados, en cuyo caso SU USO no es

recomendado [79].

/lL.1g. Teoria de los Orbitales Naturales de Enlace (NBO)

El analisis NBO (Natural Bond Orhital) surgié como una técnica para el estudio
de los efectos de la hibridacion y la covalencia en funciones de ondas poliatémicas [80].
Los orbitales naturales de enlace (o NBOs) fueron concebidos de manera que
correspondiesen a la idea de enlaces localizados y pares de electrones sin compartir
como unidades bésicas de la estructura molecular. Cada orbital NBO en un enlace
localizado tipo o entre dos atomos A y B puede escribirse en términos de dos orbitales
hibridos de valencia dirigidos h, y h;, sobre los atomos A y B, cuyos coeficientes de

polarizacion son ¢, y cg,
Oy = CAhA + CBhB (II.1.108)

Dichos coeficientes de polarizacion varian ligeramente dependiendo del caracter
covalente (c, = cg) 0ibnico (c, > cg) del enlace.

Las funciones de onda ab initio transformadas en NBOs estan de acuerdo con
los conceptos de estructura de Lewis, asi como con la idea basica de Pauling-Slater-
Coulson de hibridacién y polarizacion. Asi, los NBOs ocupados g, estan adaptados de
manera que describen bien los efectos de covalencia en las moléculas. Sin embargo, la
transformacion general en NBOs también implica la definicién de un conjunto de orbitales
formalmente desocupados en la teoria de Lewis que son usados para la descripcion de
efectos no-covalentes. Entre estos, los mas importantes entre estos son los denominados
NBOs antienlazantes, que pueden escribirse como:

045" = cghy — cyhp (11.1.109)
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para completar todo el espacio de valencia. Bajas ocupaciones de estos orbitales se
corresponden, en la teoria HF, con desviaciones de la estructura ideal de Lewis y asi con
las correspondientes correcciones no-covalentes a la estructura localizada ideal de Lewis.
Los NBOs tipo Lewis (11.1.108) estan complementados por un conjunto de orbitales no-
Lewis (11.1.109) que estan vacios, por definicion, en una estructura ideal de Lewis. La
energia asociada a los orbitales antienlazantes puede ser calculada numéricamente
eliminando dichos orbitales del conjunto de base y recalculando la energia total, para asi
determinar la reduccidn asociada de energia variacional. De este modo se obtiene una
descomposicion de la energia total E en dos componentes asociadas con las

contribuciones covalentes (Ey5 = Epewis) ¥ N0 covalentes (E, 4. = Enon—rLewis)-
E =Ess + Eze (11.1.110)

Decir que los simbolos o y ¢* se usan de manera genérica para referirse a
orbitales ocupados y desocupados de la estructura formal de Lewis, aunque los primeros
pueden en realidad ser orbitales tipo core (c), pares de electrones sin compartir (n), y
enlaces tipo o 0 m, y los segundos pueden ser orbitales antienlazantes tipo o* o ",
estados de Rydberg, etc.

En la descomposicion NBO (I1.1.110), las contribuciones no-covalentes
E, .+ son por lo general inferiores al 1% de la contribucion E,, lo cual refleja el dominio
de las componentes tipo Lewis en el enlace.

La estabilizacion energética debido a transferencias de carga (o; — o0;") puede
estimarse a través de un calculo perturbativo de segundo orden:
<gi|F |Jj* >2

)
AE . = =2
90 Ej* — &

(I1.1.111)

donde F es el operador Hamiltoniano efectivo (operador de Fock o de Kohn-Sham en

cada caso) y ; =< o;|F|o; >, &+ =< 0;+|F |0+ > son las correspondientes energias
orbitales de los orbitales o; y a;", respectivamente. EI esquema perturbativo NBO permite
aplicar conceptos cualitativos de la teoria de valencia para describir la estabilizacion
debida a interacciones no covalentes.

Mencionar que los NBOs antienlazantes a,5 no deben confundirse con los
orbitales moleculares virtuales de la teoria SCF-MO. Los orbitales moleculares estén

estrictamente desocupados v, por lo tanto, no juegan ningun papel en la funcion de ondas
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ni en ninguna propiedad observable, mientras que los orbitales antienlazantes o,
exhiben generalmente ocupaciones distintas de cero que se traducen en estabilizaciones
energéticas y en cambios en la forma de la funcién de ondas.

El papel de los orbitales antienlazantes puede verse transformando los orbitales
moleculares canonicos ocupados en orbitales moleculares localizados (LMOs). EI LMO
¢=MO asociado con un enlace A-B localizado puede escribirse en terminologia NBO
como:;

MO = gup + Aogp + o+ (11.1.112)

donde la pequefia contribucion del orbital antienlazante o representa la desviacion de
la forma localizada del enlace o,5 debido a interacciones hiperconjugativas no
covalentes. Solo en el limite ideal de una estructura estrictamente localizada de Lewis los

orbitales antienlazantes se encontrarian totalmente en el espacio virtual OM.

/LA Teoria de Atomos en Moléculas (AIM)

De acuerdo con el teorema de Hohemberg-Kohm [81], la energia del estado

fundamental (E,) de un sistema polielectronico es funcion de la distribucion de densidad

electronica, la cual define todas las propiedades del sistema.

Egs = Flp()] (IL1.113)

El principal logro de la teoria de atomos en moléculas de Bader [82] es la
extension del principio de la accidn estacionaria de Schwinger a subsistemas abiertos.
Mediante el andlisis del gradiente de la densidad electrénica, se demostrd que dicha
generalizacion es posible sdlo en el caso en el que las condiciones de contorno se
cumplan, es decir, cuando se da la presencia de una superficie S(Q,r) que defina el
limite del subsistema para el cual el gradiente de la densidad electrénica perpendicular a

la superficie en cada punto es igual a cero.
Vo(r).n(r)=0 Vr eS(Q,r) (I.1.114)

donde n(r) es un vector unitario normal a la superficie S en cada punto definido por el
radio del vector y Q es el dominio espacial correspondiente a un atomo. Puesto que las

condiciones de contorno estan definidas en términos de densidad electronica, el
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subsistema cuantico se define en el espacio real. Para cada valor observado puede
obtenerse el valor de expectacion, asi como la ecuacién para el movimiento del
subsistema basado en el principio de accidn estacionaria para un sistema dado. La
integral de una funcién dada A;(r) sobre el volumen definido por la superficie S(€, )

proporciona el valor total de dicho volumen.

(Ai)=f Ai(r)dr  (11.1.115)
Q

Teniendo en cuenta que las condiciones de contorno se cumplen tanto para el
subsistema como para el sistema en su conjunto, cualquier promedio para un sistema
polielectrénico observado, A, puede representarse como una suma de subsistemas (4;).

Bader sugiri6 que el subsistema abierto de un sistema polinuclear y
polielectrénico se corresponde con la definicion de un atomo en una molécula o cristal
[82], puesto que en base a un gran nimero de investigaciones tedricas se establecio que
una molécula o un cristal podian representarse como un conjunto de fragmentos, cada
uno conteniendo un solo ndcleo. El valor de expectacion del subsistema define
directamente las caracteristicas atdmicas en una molécula. Asi, por ejemplo, la carga

atdmica se calcula como:

q=7- fn p(r)ydt  (Il.1.116)

donde Z es el nimero atdmico.
Para la descripcion del estado fundamental del sistema polielectronico se
emplea la densidad Lagrangiana conectada con la funcion p(r) del estado fundamental

mediante la siguiente expresion;
1
L(r) = —ZVZp(r) (I11.1.117)

La integral de la densidad Lagrangiana sobre el sistema polielectrénico

completo, es decir la molécula, y sobre el &tomo Q es igual a cero.

f L(r)dr = pr(r) ‘n(r)dr=0 (11.1.118)
Q
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Debido a estas propiedades de la Lagrangiana, las descripciones mecano-
cuénticas de un atomo y una molécula en términos AIM coinciden en general [82).
Se demostré que el virial de la densidad de fuerza lleva a la obtencion de la
expresion:
—L(r) =2g(r) +v(r) (I1.1.119)

donde g(r) y v(r) son las densidades locales de la energia cinética y la energia
potencial, respectivamente [83].

Como se ve en la ecuacion (11.1.119), la Laplaciana de la densidad electrénica
V2p(r) esta directamente relacionada con la densidad local de energia cinética y

potencial en cada punto del sistema.
1
L(r) = —sz(r) =2g9() +v(r) (I.1.120)

Analizando el signo de la Laplaciana (suma de las derivadas segundas) de una
funcion escalar, se pueden definir aquellas regiones donde dicha funcion se concentra
(V2< 0) y aquellas donde se reduce (V2> 0). Asi, en base a la expresion (11.1.120) se
pueden separar aquellos dominios del espacio donde las contribuciones estabilizantes de
la energia potencial dominan, originando una acumulacion de densidad electronica.

El papel especial de la funcién de densidad electrénica y sus derivadas en la
formacién de una estructura molecular proporcioné a Bader la idea de usar el andlisis
topoldgico de esta funcion para el estudio de sistemas quimicos. Bader demostré que la
estructura de un sistema polielectrénico con configuracion nuclear {R} esta completa y
Unicamente definida por un conjunto de puntos criticos (CP) de la densidad electrénica
{r.} en los cuales el gradiente de p(r) es igual a cero, Vp(r) = 0. Un punto critico de la
densidad electrénica es un punto en el espacio en el que las primeras derivadas de la

densidad son cero.

dp dp kdp_){ =0 (Enlos CP y en o) (1.1121)

#0 (En los demas puntos)

donde el vector cero significa que cada derivada individual es cero, y no sélo su suma. El
gradiente de una funcién escalar como p(r) en un punto en el espacio es un vector

dirigido en la direccién en la que p(r) experimenta el mayor incremento y que tiene una
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magnitud igual al valor de dicho incremento en esa direccion. Un maximo en la posicion
del nicleo se corresponde con un punto critico de ntcleo (NCP).

Puede distinguirse entre minimo local, maximo local y punto de silla
considerando las segundas derivadas de p(r), es decir, los elementos del tensor
VVp(r). Existen nueve derivadas segundas de p(r) que pueden organizarse en la
denominada matriz Hessiana (A(r;)), que evaluada en un punto critico 7, se escribe

como:

9? 9? 9?
ox2 0xdy axaz\
02 02 02
dyox W dyoz
02 02 02
0dz0x 0zdy 9z

A(r,) = p(r) (I.1.122)

r=r¢

La matriz Hessiana puede diagonalizarse puesto que es real y simétrica. La
diagonalizacion de A(r,) es equivalente a la rotacién del sistema de coordenadas
r(x,y,z) > r(x',y’,z") solapando los nuevos ejes x', y', z' con los ejes principales
de curvatura del punto critico.

Una propiedad importante de la matriz Hessiana es que su traza es invariante a
la rotacion del sistema de coordenadas. La traza de la matriz Hessiana se conoce con el
nombre de Laplaciana de la densidad (V2p(r)) y, cuando x = x', y =y yz = 7,

viene dada por:

2 _ _ 9% | 3%p() | 9*p(r)
Vip(r) = Vp(r) = o+ 2y ,+|azz , (I1.1.123)

) L
T T T

Z} A2 A3

\

Los puntos criticos se clasifican de acuerdo con su rango (w) y con su signo
(A), y se designan como (w, A). El rango es el nimero de autovalores distintos de cero en
el punto critico considerado. Un punto critico en el cual w < 3 es matematicamente
inestable y se desvanecera o bifurcara bajo pequefias perturbaciones de la densidad
causadas por el movimiento nuclear. La presencia de un punto critico de esta naturaleza
(con un rango inferior a tres) indica un cambio en la topologia de la densidad y, por tanto,
un cambio en la estructura molecular. Por esta razon, no se encuentran puntos criticos

con w < 3 en estructuras moleculares con distribucion de carga en el equilibrio. Por otro
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lado, el signo es la suma algebraica de los signos de los autovalores de la matriz
Hessiana. Cada una de las tres curvaturas contribuye +1 en funcion de si estas son
positivas o negativas.

Existen cuatro tipos distintos de puntos criticos estables con los tres autovalores
distintos de cero:

CP (3,-3): Tres curvaturas negativas. p(r) es maxima en ese punto.

CP (3,-1): Dos curvaturas negativas. p(r) es maxima en el plano definido por
los autovectores correspondientes, pero es minima a lo largo del tercer eje, que es
perpendicular a dicho plano.

CP (3,+1): Dos curvaturas positivas. p(r) es minima en el plano definido por los
autovectores correspondientes y es maxima a lo largo del tercer eje que es perpendicular
a dicho plano.

CP (3,+3): Tres curvaturas positivas. p(r) es un minimo local.

Cada uno de estos tipos de puntos criticos puede identificarse con un elemento
de estructura quimica: (3,-3) punto critico de nucleo (NCP), (3,-1) punto critico de enlace
(BCP), (3+1) punto critico de anillo (RCP), (3,+3) punto critico de caja (CCP).

El nimero y el tipo de puntos criticos que pueden coexistir en una molécula o

cristal sigue una relacion topoldgica estricta que establece que:

1 Moléculas aisladas
Mycp — Npcp + Nrep — Necp = {0 (I1.1.124)

Cristales

La primera igualdad se conoce con el nombre de relacion de Poincaré-Hopf
(PH) [82] y se aplica para sistemas finitos aislados, como una molécula. La segunda
igualdad se conoce con el nombre de ecuacion de Morse y se aplica en casos de redes
infinitas periodicas. [84]

El conjunto {nycp, Ncp, Nreps Necp} Para un sistema dado se conoce como
“conjunto caracteristico”. La violacién de la ecuacion (I1.1.124) implica un conjunto
caracteristico inconsistente y, por tanto, que alguno de los puntos criticos no ha sido
localizado.

Existe un BCP entre cada par de atomos enlazados. Ademas del conjunto de
trayectorias que terminan en el BCP y que definen la superficie interatémica, un par de

trayectorias se originan y terminan en cada uno de los nucleos de los atomos
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quimicamente enlazados. Este ultimo par de trayectorias definen lo que se conoce como
“trayectoria de enlace” [85]. Las interacciones quimicas de enlace se caracterizan, y se
clasifican, de acuerdo con las propiedades de la densidad electronica y de la densidad de
energia en el punto critico, conjuntamente conocidas como “propiedades de enlace”.

La fortaleza de un enlace quimico, o su orden de enlace (BO), se refleja en el
valor de la densidad electrénica en el punto critico de enlace (p;,) [82]

BO = exp[A(p, — B)] (I1.1.125)
donde Ay B son constantes que dependen de la naturaleza de los atomos enlazados. En
general, p,, es mayor a 0.20 au para interacciones de capa abierta (enlaces covalentes) e
inferior a 0.10 au para interacciones de capa cerrada (enlaces i6nicos, interacciones de
van der Waals, enlaces de hidrogeno, enlaces H-H, etc.) La densidad electrénica en el
punto critico de enlace ha demostrado estar altamente correlacionada con la energia del
enlace para diferentes tipos de interacciones [86-92].

Como se ha mencionado, la Laplaciana en el punto critico de enlace es igual a
la suma de las tres curvaturas de la densidad en el punto critico, esto es, las dos
perpendiculares a la trayectoria de enlace, A, y A, (siendo ambas negativas y por
convenio |A,| > |4,|) y la tercera, A5, situada a lo largo de la trayectoria de enlace, tiene
valor positivo. Las curvaturas negativas miden la extension en la cual la densidad
electrénica se concentra en la direccion del enlace, mientras que la curvatura positiva da
una medida de la extension en la cual la densidad electrénica se reduce en la region de la
superficie interatmica y de su concentracion en las cercanias de los atomos.

En enlaces covalentes, las dos curvaturas negativas predominan y V2p, < 0.
Sin embargo, las interacciones de capa cerrada, es decir, enlaces i6nicos, enlaces de
hidrégeno o interacciones de tipo van der Waals, se caracterizan por una disminucion de
la densidad electronica en la regién de contacto entre los dos atomos que participan en el
enlace y V2p, > 0. Por otro lado, en enlaces muy polares (por ejemplo C — X para
X = N, O, F) tiene lugar una acumulacion significativa de densidad electronica entre los
dos nucleos, como en todas la interacciones de capa abierta, pero en este caso la

Laplaciana puede tener tanto un valor positivo como negativo.
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2. APLICACIONES DE LA QUIMICA COMPUTACIONAL?

La Quimica Computacional engloba un conjunto de técnicas cuyo objetivo es
dar solucion a una serie de problemas quimicos realizando célculos computacionales
desde un punto de vista puramente teorico. Las cuestiones tipicamente investigadas en
este campo son:

Geometria molecular (determinar angulos y distancias de enlace).

Reactividad quimica (alturas de barrera de reaccion, estados de transicion, etc.).

Comportamiento espectroscopico (determinar espectros IR, Raman, UV, RMN,

etc.)

Para llevar a cabo dichos estudios, se recurre al empleo de una extensa variedad de

métodos tedricos y aproximaciones, algunos de los cuales se han descrito previamente.

f2e. OPTIMIZACION DE GEOMETRIAS MOLECULARES

Como se ha comentado anteriormente, la superficie de energia potencial (PES)
es una herramienta (til a la hora de estudiar un sistema quimico, ya que informa sobre
como varia la energia potencial de dicho sistema respecto a pequefias modificaciones en
su geometria. Asi, realizar la optimizacidon de la geometria de un sistema molecular
consiste en localizar los puntos estacionarios en su superficie de energia potencial y
caracterizarlos, como minimos o puntos de silla, mediante el calculo de su energia y de
sus numeros de onda vibracionales.

Para realizar una optimizacién geométrica se parte de una estructura que
reproduzca lo mejor posible aquella del punto estacionario buscado. A continuacion,
mediante un algoritmo matematico, se modifica sistematicamente la geometria molecular
hasta encontrar dicho punto estacionario. La curvatura de la PES en dicho punto, es decir,
el valor positivo 0 negativo de la segunda derivada de la energia respecto a los
parametros geométricos, determinara si el punto estacionario encontrado es un minimo o
un punto de silla. En el caso de una molécula diatémica, el algoritmo seguido en la
busqueda del minimo global es trivial (Unicamente se madifica la longitud de enlace hasta
encontrar aquella que proporcione la estructura de minima energia). Sin embargo, en

moléculas poliatémicas esta optimizacion requiere de un algoritmo mas sofisticado.

t Elaborado a partir de referencias [34].
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Los algoritmos mas ampliamente usados para optimizacion geométrica estan
basados en el calculo de las primeras y segundas derivadas de la energia potencial
respecto de los parametros geométricos.

Consideremos una superficie de energia potencial para una molécula diatdmica
cuya estructura inicial est& caracterizada por el punto P;(E;, q;) Yy cuya estructura final
(optimizada) esta caracterizada por el punto P, (E,, q,), donde g, corresponde a la
posicion de equilibrio del sistema al nivel de calculo empleado. Antes de que se haya
llevado a cabo la optimizacién geométrica, las coordenadas E, y g, del punto P, de la
PES son desconocidas. Si se asume que, en las cercanias del minimo, la energia

potencial se ajusta a una funcion cuadratica, entonces:

1
E — Eo = 5k(q = 40)* (IL.2.1)

de manera que en el punto correspondiente a la estructura inicial se tiene:
(dE/dq); = k(q; — qo) (11.2.2)
y, en general, en todos los puntos:
(d?E/dg®) = k (11.2.3)
donde k es la denominada constante de fuerza.

De las ecuaciones (11.2.2) y (11.2.3) se deduce que;

(dE/dq); = (d*E/dq*)(q; — qo) (11.2.4)

y por tanto que:
o = q; — (dE/dq);/(d*E/dq?) (1. 2.5)

La ecuacion (11.2.5) muestra que, conociendo el gradiente de la energia en el
punto de la estructura de partida, (dE/dq), la curvatura de la PES (d2E/dq?) y la
geometria inicial (g;) puede determinarse la geometria optimizada (q,) En la Figura 11.2.1
se muestra de forma grafica el proceso descrito.

En el andlisis de las PES multidimensionales se emplean algoritmos iterativos
méas complejos que requieren de un mayor nimero de pasos. Normalmente, el primer
paso da como resultado una estructura que es, probablemente, mas cercana al minimo
buscado y que servird como estructura inicial en el siguiente paso hacia la blisqueda del

minimo.
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Figura 11.2.1. Descripcion grafica del proceso de optimizacién geométrica seguido para una molécula diatémica
(imagen tomada de referencia [34] y editada).

Las optimizaciones geométricas se realizan empleando coordenadas
cartesianas X, y, z como sistema de coordenadas. Asi, si consideramos una molécula
triatdmica, tendriamos 9 pardmetros geométricos a optimizar (3 para cada uno de los
atomos). Para optimizar su geometria, es necesario el calculo de la derivada de la energia
respecto a cada uno de estos 9 parametros. La matriz gradiente, o de derivadas primeras,
de la estructura inicial vendra dada por:

(dE/dq,);
(dE/:qu)i ([[.2.6)

(dE/dgs);

Del mismo modo, la matriz de constantes de fuerza, o de derivadas segundas,

sera:
[d*E/dq1q1 d*E/dqiqz .. d*E/dqiqe]
H= d’E/dqyqn d*E/dqzqz .. d°E/dqaqe (IL.2.7)
d’E/dqeqy d*E/dqeqy .. d*E/dqeqe

matriz que recibe el nombre de matriz Hessiana. La matriz Hessiana es particularmente
importante en la caracterizacion de los puntos estacionarios como minimos o puntos de
silla, asi como para el calculo del espectro vibracional.

Las matrices de las coordenadas geométricas para la estructura inicial y final

son:
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qi1 qo1
g = |7 %= |"? @28
dio o9

La ecuacion matricial que generaliza para moléculas poliatémicas la ecuacion
(11.2.5) correspondiente a moléculas diatdmicas, puede escribirse como sigue:
4 =q; —H'g; (1.2.9)

Al igual que la ecuacion (11.2.5), la ecuacién (11.2.9) indica que, para realizar
una optimizacion geométrica eficiente, es necesario conocer la estructura inicial, asi como
las matrices gradiente y Hessiana. De este modo, partiendo de una estructura inicial, y
calculando las matrices gradiente y Hessiana para esta, se llega a la primera estructura
optimizada ¢q,. Usando la geometria de g4, se calculara analiticamente una nueva matriz
gradiente y, empleando los cambios producidos en el gradiente, se generara una nueva
Hessiana. Este proceso continda hasta que la geometria y/o el gradiente no cambien
significativamente entre dos estructuras consecutivas.

Debido a que el calculo de las segundas derivadas para cada uno de los puntos,
durante el proceso de optimizacion, es un proceso computacionalmente costoso, la matriz
Hessiana se actualiza aproximando cada derivada segunda a un cociente dado por:

9*E  A(dE/dq;)
dqiq;  Aq;

(1. 2.10)

es decir, el cambio dado en el gradiente divido por el cambio dado en la geometria entre
dos estructuras consecutivas.

Se dice que el proceso ha convergido cuando la optimizacion geométrica ha
concluido. Esto tiene lugar, esencialmente, cuando las fuerzas (o valor negativo del

gradiente) son cero.

Hn2F CALCULO TEORICO DE VIBRACIONES MOLECULARES

Una vez detectado un punto estacionario en la superficie de energia potencial,
mediante un proceso de optimizacién geométrica, es deseable determinar si tal punto es
un minimo (que puede ser local o global), un estado de transicion o un punto de silla de
orden superior. Para ello, se recurre al calculo de las frecuencias correspondientes a los

modos normales de vibracion de la molécula.
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Una molécula diatémica AB posee un (inico modo normal, cuyo nimero de onda

vendra dado por:

9= —(E) (I1.2.11)

2mc

donde u es la masa reducida de la molécula y k la constante de fuerza asociada al modo
normal.

La constante de fuerza, k, de un modo normal da una medida de la capacidad
de “restauracion” (o vuelta a la posicién de equilibrio) de los valores de los parametros
geométricos de una molécula, una vez deformados estos en la vibracién correspondiente
a dicho modo normal.

El hecho de que el nimero de onda de un modo vibracional esté relacionado
con la constante de fuerza de dicho modo, sugiere que sera posible el célculo de la
direccion y los nimeros de onda de los movimientos atémicos de una molécula partiendo
de su matriz de constantes de fuerza, es decir, de la matriz Hessiana.

La diagonalizacion de la matriz Hessiana proporciona los vectores del
movimiento atoémico, asi como las constantes de fuerza de dichos movimientos. Asi,

siguiendo con el modelo de una molécula triatomica no lineal, tendriamos:

[dzE/dChCh d*E/dq.q, ... dZE/dChCI()]
| dzE/dqqu dzE/dqzqz dzE/dqzqgl =PkP1
ldzE/dngl Q2E/dqeqy . d?E/dqeqsl
q11 912 . 0
= | 42 0 kz = Ol p-1ar212)
d91 Q92 ko

La matriz Hessiana de 9x9 se descompone mediante la diagonalizacién en una
matriz de autovectores (P), cuyas columnas son los vectores direccionales de las
vibraciones, y en una matriz diagonal de autovalores (k), conteniendo las constantes de
fuerza para dichas vibraciones. Realmente, las columnas 1, 2 y 3 de P y sus
correspondientes k;, k,, k4, se refieren al movimiento translacional de la molécula, por lo
que dichas constantes de fuerza son muy cercanas a cero. Igualmente, las columnas 4, 5
y 6 de P, se refieren al movimiento rotacional de la molécula, y, por tanto, ky, ks ¥ kg
tendran también un valor muy cercano a cero. Son las tres Gltimas columnas de P, junto

con sus valores asociados de k, los que dan cuenta del movimiento vibracional de la
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molécula. Asi, k;, kg ¥ kg son las constantes de fuerza que se refieren a los modos
normales 1 ,2 y 3 de la molécula triatdmica no lineal considerada. La ponderacion en
masa de estas constantes de fuerza nos proporciona los nimeros de onda vibracionales
de la molécula. Asi, la direccion de los autovectores nos da informacién acerca del
movimiento de los atomos implicados en cada modo normal y, la ponderacion en masa de
los autovalores correspondientes, nos proporciona su magnitud o ndmero de onda.

Los niimeros de onda vibracionales de una molécula se calculan para obtener
sus espectros IR y Raman en la aproximacion armonica, para caracterizar puntos
estacionarios en superficies de energia potencial, y para obtener la energia del punto cero
(ZPE).

Cabe decir que el calculo de nimeros de onda es valido Gnicamente para un
punto estacionario y debe realizarse usando el mismo método que se empled para
optimizar la geometria molecular en dicho punto. Esto se debe a que el uso de las
derivadas segundas como constantes de fuerza presupone que la PES tiene forma
cuadratica a lo largo de cada coordenada geométrica g, cosa que solo es cierta en las
cercanias del punto estacionario. EI uso de un método distinto al antes empleado para
obtener el punto estacionario supondria, presuponer que las PES calculadas con ambos
métodos fueran “paralelas”.

Se ha comentado que el célculo de nimeros de onda se emplea para la
caracterizacion de un punto estacionario. Esto se debe a que los autovalores de la matriz
Hessiana toman distinto signo en funcién del tipo de punto estacionario que estemos
evaluando.

Para un minimo de la superficie de energia potencial todos los autovalores son
positivos, existiendo una fuerza restauradora para cada modo normal. Sin embargo, para
un estado de transicion, uno de los autovalores es negativo. La constante de fuerza
asociada a una coordenada toma valor negativo. La variacién de esta, en un sentido u
otro, conecta dos puntos estacionarios.

Puesto que el calculo de nimeros de onda implica a la raiz cuadrada de las
constantes de fuerza, y la raiz cuadrada de un nimero negativo es un nimero imaginario,
se dice que los estados de transicion presentan un nimero de onda imaginario. De forma
general, los puntos de silla de orden ‘n’, poseen ‘n’ constantes de fuerza negativas y por

tanto ‘n’ nimeros de onda imaginarios.
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H2f1  Metodologia del escalamiento de campos de fuerza mecano-cudnticos (SQM)
y espectros vibracionales de moléculas poliatdmicas

La metodologia SQMFF, descrita por Pulay y colaboradores [93,94], se basa en
la combinacién de informacion tedrica y experimental acerca de los espectros
vibracionales, y consiste en la correccion empirica de las constantes de fuerza de una
molécula poliatémica obtenidas mediante calculos tedricos. El escalamiento de campos
de fuerza moleculares surgi6 de la necesidad de corregir los errores propios cometidos
por los métodos de céalculo, asi como, en este contexto, del uso de la aproximacion
armonica, fruto de lo cual los valores de las constantes de fuerza, y, por ende, de los
nimeros de ondas vibracionales, son sobreestimados. Realmente, una metodologia mas
rigurosa implicaria el calculo de las constantes de fuerza bajo la aproximacion
anarmonica, sin embargo, este procedimiento implica un coste computacional muy
elevado, por lo que aln hoy en dia es impracticable para moléculas de tamafio
relativamente grande.

Debido a que los errores cometidos por los métodos de calculo son
sistematicos, la estrategia seguida por la metodologia SQMFF es la introduccidn de unos
parametros teorico-experimentales, denominados factores de escala, que ajustan los
valores de los nimeros de ondas vibracionales tedricos de los modos normales a aquellos
de las bandas experimentales que son asignadas a los mismos.

Como se ha dicho anteriormente, los campos de fuerza calculados por métodos
quimico-cuanticos, obtienen las constantes de fuerza expresadas en coordenadas
cartesianas. Estas coordenadas no son apropiadas para ser escaladas, por lo que la
aplicacion del procedimiento SQMFF lleva consigo transformar tales constantes de fuerza
a otro sistema de coordenadas mas apropiado, denominadas coordenadas internas
naturales. Segun Pulay y colaboradores, dicho sistema de coordenadas debe reunir tres
requisitos.

Han de tener caracter local, lo que permite considerar a la molécula como a un
ente formado por diferentes fragmentos relativamente independientes conectados entre
si. Esto permitird definir coordenadas para cada fragmento independientemente del resto.

Tener una cierta pseudo-simetria local, lo cual ayuda a la eliminacién de
redundancias locales y de acoplamientos entre coordenadas centradas sobre el mismo
atomo. Las redundancias aparecen cuando para un sistema molecular, se define un

nimero de coordenadas internas de valencia superior al de grados de libertad
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vibracionales del mismo. Asi, el conjunto definido para la totalidad de la molécula estara
libre de redundancias, para evitar, en la medida de lo posible y entre otras cosas,
ambigiedades.

Estos tres requisitos condujeron a la definicién, por parte de Pulay y
colaboradores, de un conjunto de coordenadas internas naturales, construidas como una
combinacion lineal de coordenadas internas de valencia simple. Estas coordenadas son
ampliamente aplicables a sistemas moleculares en los que las condiciones del enlace
sean estandar.

La transformacion de las constantes de fuerza moleculares a dicho sistema de
coordenadas implica dos beneficios. En primer lugar, facilita la comparacion de dichas
constantes de fuerza entre moléculas estructuralmente parecidas. En segundo lugar, el
tratamiento del campo de fuerzas en coordenadas naturales produce una mejor
localizacion de los errores sistematicos del método de calculo. Esto es posible dado que
la transformacién provoca que el mayor peso en la descripcién de las vibraciones resida
en los elementos de la diagonal principal de la matriz Hessiana. Este hecho no se da si se
trabaja en coordenadas cartesianas, ya que en ellas el significado fisicoquimico de las
constantes de fuerza es mas confuso.

Una vez realizada la transformacion, las constantes de fuerza cuadraticas son
escaladas segun:

Fy = (Aa)"P R (11.2.13)
donde F;; es la constante de fuerza escalada, Fj; es la constante de fuerza original, y 4
y 4; son los factores de escala asociados a cada una de las coordenadas naturales
definidas.

Este procedimiento permite, por tanto, la obtencién de un conjunto de factores
de escala mediante el ajuste por minimos cuadrados de los nimeros de onda tedricos a
los observados experimentalmente. Los conjuntos de factores de escala asi obtenidos
podran ser transferidos a otros sistemas moleculares, que compartan caracteristicas
estructurales similares y para los cuales la interpretacién de su espectro vibracional sea
compleja.

La metodologia SQMFF fue aplicada en 1995, por Guntram Rauhut y Peter
Pulay, a la espectroscopia vibracional partiendo de campos de fuerzas moleculares

calculados mediante métodos tedricos basados en la Teoria del Funcional de Densidad
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[95]. En este articulo, Rauhut y Pulay emplearon un conjunto de moléculas poliatdmicas,
para obtener unos valores promediados de factores de escala de las constantes de fuerza
moleculares calculadas a nivel DFT, empleando, concretamente, los funcionales BLYP y
B3LYP, expresadas en coordenadas internas naturales. Desde entonces, el empleo de
célculos tedricos a nivel DFT, y la subsiguiente aplicacién de la metodologia SQMFF, ha
sido una herramienta ampliamente utilizada en el calculo de los espectros vibracionales

moleculares y en las asignaciones de los mismos.

1.3.  ASPECTOS FUNDAMENTALES DE LAS TECNICAS EXPERIMENTALES'

I3a ESPECTROSCOPIA FT-IR

Hasta la década de los 70 del siglo XX, los espectrofotdmetros IR consistian
basicamente en una fuente de radiacion IR, un monocromador y un detector.

Con el objetivo de aprovechar la potencia total de la radiacién emitida por la
fuente, el area de los detectores era, usualmente, bastante grande (hasta 1 cm2). De este
modo, los espejos, asi como las rejillas de los monocromadores y otras partes del
instrumento, debian tener un tamafio acorde para asegurar la coleccidn y transferencia de
la mayor cantidad posible de radiacion. Esto hacia que los componentes dpticos de los
instrumentos fuesen bastante costosos. Sin embargo, a pesar de la Optica usada en los
equipos de entonces, una fraccion alta de la radiacion se perdia en la entrada y salida de
las ranuras de los monocromadores, que debian ser estrechas (entre 2-5 mm
aproximadamente), para proporcionar la resolucion espectral tipicamente requerida de 2-4
cml.

Todos estos factores contribuian a que la espectroscopia IR dispersiva, 0
basada en monocromadores, fuese una técnica tediosa en la que el escaneo de la regién
espectral comprendida entre 1000 y 2000 cm-! requeria de varias horas.

La implementaciéon de la Transformada de Fourier a la espectroscopia IR
revoluciond este campo. Hoy en dia, practicamente, todos los espectrofotémetros de IR,
ya sean instrumentos de andlisis de rutina como de investigacion, estan basados en este
principio.

Debido a que el tiempo de medida de, por ejemplo, una region espectral de

t Elaborado a partir de referencias [96] y [97].
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unos 1000 cm se ha reducido drasticamente, sin introducir nuevas desventajas, esta
nueva técnica (FT-IR) ha reemplazado a la antigua técnica dispersiva a lo largo de los

Gltimos 30 afios.

Il3.a.1. Interfermetro de Michelson

El componente principal de un instrumento FT-IR es el denominado
interferémetro de Michelson.
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Figura 11.3.1. Interferémetro de Michelson. La radiacion procedente de la fuente IR es colimada, atravesando a
continuacion el interferémetro consistente en un divisor de haz y dos espejos. El espejo mévil permite que la
diferencia en el camino dptico de los dos haces varie.

El interferometro de Michelson consiste, en su forma clésica, de dos espejos,
orientados perpendicularmente el uno con respecto al otro, y un divisor de haz, o beam-
splitter, que idealmente transmitira el 50% de la radiacion incidente a uno de los espejos y
reflejard el 50% restante al otro. Uno de los espejos es movil, de manera que va
cambiando el paso dptico en una de las ramas del interferometro. Las radiaciones
reflejadas por ambos espejos son recombinadas por el beam-splitter, el cual divide a su
vez el haz combinado en dos partes, una que ira en la direccion de la radiacion incidente
y la otra lo hara hacia la puerta de salida del interferémetro. Podria pensarse que cada
uno de los haces porta la mitad de la intensidad del haz incidente en el interferdmetro. Sin
embargo, esto sélo sucederia si no se tuviese en cuenta la interferencia entre los dos
haces.

Asumamos que las distancias entre los dos espejos desde el beam-splitter son
exactamente las mismas. Para considerar la posibilidad de interferencias deberian

sumarse las amplitudes de los campos electromagnéticos de los dos haces de la
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radiacion. En un beam-splitter ideal, cada rayo reflejado reduce su amplitud en un factor
de v2. La misma reduccién se aplica para el rayo transmitido. Asi, las amplitudes de los
dos haces que interfieren son 1/2 E, cada una, siendo E, la amplitud de la radiacion
incidente. Como el paso 6ptico de los dos haces es idéntico, no hay diferencia de fase, de
tal manera que la amplitud del haz resultante es E,, y la intensidad es proporcional al
cuadrado de la amplitud (I < E2). Asi la intensidad de la radiacion que sale del
interferometro en una de las ramas es igual a la intensidad del haz que entra en el
interferémetro. Sin embargo, bajo estas condiciones, los mismos argumentos se
aplicarian en la otra rama del interferémetro, implicando que la intensidad de la radiacion
a la salida del dispositivo interferométrico seria el doble de la radiacion incidente.

Para resolver esta contradiccion debe tenerse en cuenta el desplazamiento de
fase en el beam-splitter, que influye en la interferencia y difiere para los dos haces que
salen del interferémetro. Usualmente, en la region del infrarrojo medio, el beam-splitter se
construye con una fina capa de un material con alto indice de refraccion (como Ge o Si)
depositado sobre un substrato con alto indice de refraccion como KBr o0 CaF,. En la
mayoria de los instrumentos comerciales esta disefiado de manera que la situacién arriba
descrita se aplica, esencialmente, al haz que sale del interferémetro. En este caso, el
divisor de haz causard un desplazamiento de fase de m entre los dos haces que
interfieren para formar el haz que sale del dispositivo. Este desplazamiento de fase causa
interferencia destructiva de manera que no se dobla la intensidad del haz.

Supongamos ahora que la radiacion que entra en el interferometro es
monocromatica, con una longitud de onda A,. Si el espejo movil se posiciona a 1,/4, la
diferencia de camino oOptico entre los haces que interfieren es 1,/2, correspondiendo a
una diferencia de fase de 7, que conlleva una interferencia destructiva. Si el espejo se
mueve a una velocidad constante, v, la diferencia de fase entre los dos haces aumenta

linealmente con el tiempo segun
4mut
Ao
lo que significa que la intensidad varia sinusoidalmente con la frecuencia 2v/4,, 0,

(11.3.1)

usando notacién en nimero de onda, v,, 2vv,. De manera similar, la sefial en el detector
muestra la misma dependencia temporal. Si, en cambio, entra en el interferometro un haz
con una distribucion espectral S(v)(~EZ2(v)), cada componente espectral contribuira

con su frecuencia de oscilacién propia, y la sefial en el detector se correspondera con la

81



I1.3. Aspectos Fundamentales de las Técnicas Experimentales

superposicion de todas las componentes ponderaras por la sensibilidad de las mismas en
el detector. Esta sefial es funcion de la posicion del espejo, es decir, de la diferencia de
paso oOptico entre las dos ramas del interferémetro. Si la diferencia de camino Optico es
cero, todas las componentes espectrales se superponen de manera constructiva en el haz
a la salida del interferémetro, observandose un méaximo de intensidad.

Esta posicion en la que la diferencia en el camino dptico es cero se conoce
como centre burst. Si el espejo se aleja de esta posicion, la intensidad disminuye
alcanzando valores incluso menores de los que se esperarian en ausencia de
interferencia alguna. El detector “ve” dos componentes, una correspondiente a la
intensidad integrada sin interferencia, mientras que la otra es inducida por el movimiento
del espejo. Esta segunda parte se denomina como componente ac de la sefial (ac=
alternating current), y de manera correspondiente la primera se denomina componente dc
de la sefial (dc= direct current). La componente ac representa lo que se conoce como
interferograma, cuya intensidad decae a cero conforme el espejo se posiciona lejos del
centre burst.

Para obtener la informacién espectral, el interferograma debe descomponerse
en sus correspondientes componentes de frecuencia. Esta descomposicion se
corresponde con la operacidon matematica de Transformada de Fourier. El interferograma
de una radiacion policromatica equivale a la suma de funciones coseno de cada radiacion
monocromatica que la compone. Mediante la FT se consigue convertir esta funcion
sinusoidal de intensidad frente a camino optico, en otra funcién sinusoidal de intensidad
frente a longitud de onda o frecuencia. El algoritmo matematico que empelan los
instrumentos FT-IR (Fast Fourier Transform) fue desarrollado por Cooley y Turkey en

1965, y permite realizar la computacion de la FT en un brevisimo lapso de tiempo. [98]

Interferograma Espectro
| | /’[/\W'Vﬁ AT
J* //J | \
I ¥
Diferencia camino Frecuencia v
opticox)
+00 +o0
B(v)= II(X)COSZTWXC]X I(x) = J.B(v)c052nvxdv

—on —0
Figura 11.3.2. Esquema de la aplicacion de la transformada de Fourier en la obtencion de un espectro.
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El algoritmo usado para realizar la transformada de Fourier requiere que el
interferograma sea rastreado de manera equidistante con respecto a la diferencia de paso
Optico, y esta diferencia de camino dptico debe conocerse de manera precisa. Para este
proposito, se utiliza un laser de He-Ne (632.8 nm) cuyo haz incide en el interferometro
paralelamente y (cominmente) de manera coaxial al haz de radiacion infrarroja. EI beam-
splitter esta especificamente disefiado para la longitud de onda de este laser. Un detector
para el haz laser (un fotodiodo) se coloca centrado a la salida del haz IR. De este modo
se registra también el interferograma del laser, el cual se emplea para muestrear el
interferograma de la muestra y desencadenar su digitalizacion. Por otro lado, la sefial del
laser de He-Ne registrada por el fotodiodo también se emplea para calibrar y controlar la
posicién de los espejos en el interior del interferémetro y asegurar interferencia. De este
modo, la implementacién del laser de He-Ne fue esencial para el desarrollo practico de la

espectroscopia FT.

l3a2  Detectores IR

Las ventajas de la espectroscopia FTIR sdlo son evidentes si el rango espectral
a cubrir no es suficientemente amplio, por lo que se emplean detectores sensibles a un
gran rango espectral. El detector, ademas, debe de ser capaz de resolver la modulacion
de la radiacién causada por el movimiento del espejo mévil, cuya frecuencia puede
alcanzar los 200kHz. Asi, el detector debe ofrecer una respuesta suficientemente rapida.
Por otro lado, debe ofrecer una sensibilidad alta, de manera que sea capaz de resolver
incluso las sefiales espectrales mas sutiles. Obviamente, no es sencillo que un mismo
detector cumpla con todos estos requerimientos al mismo tiempo pero, en su lugar, los
detectores se disefian de manera que se llegue a una situacién de compromiso entre los
mismos, dependiendo de las demandas del equipo y del experimento.

Los detectores piroeléctricos (detectores térmicos) son los detectores mas
comunmente usados en los instrumentos FTIR. Operan a temperatura ambiente y exhiben
una excelente respuesta lineal, pero en camhio estan considerablemente limitados en
sensibilidad. Su funcionamiento se basa en el efecto piroeléctrico, mediante el cual los
cambios de temperatura causados en la superficie de ciertos materiales (materiales
piroeléctricos) provocan cambios en su polarizacion eléctrica. La radiacion absorbida por

el detector provoca un incremento en la temperatura.
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Los materiales tipicamente usados en los detectores piroeléctricos son sulfato
de triglicina (TGS), sulfato de triglicina deuterada (DTGS) y LiTaO5. La velocidad,
relativamente lenta, de este tipo de detectores viene determinada por las propiedades
térmicas de los materiales que los constituyen.

También es comin el uso de semiconductores como detectores en los equipos
FT-IR. Estos detectores, sin embargo, operan a la temperatura del N, liquido. Se
caracterizan por su elevada sensibilidad y velocidad, pero en cambio responden de
manera no lineal incluso para intensidades comunes en la regién del infrarrojo medio en
espectroscopia FT-IR. El detector ‘ve’ tanto la componente ac como dc de la sefial, de
manera que el interferograma se obtiene por acoplamiento de la componente ac de la
sefial, bien dentro del preamplificador o0 a la salida del mismo. Dentro de este tipo de
detectores se incluyen los detectores fotoconductivos y los detectores fotovoltaicos. El
primer grupo engloba a los denominados semiconductores homogéneos, mientras que el
segundo grupo hace referencia a los denominados fotodiodos, como los de Si empleados
como detectores en la region visible y NIR del espectro electromagnético. La sensibilidad
de los detectores fotovoltaicos es comparable con la que ofrecen los detectores
fotoconductivos, pero son considerablemente mas rapidos y ademas ofrecen una mejor
respuesta lineal. Ambos tipos de detectores se construyen, tipicamente, con HgCdTe.
Mediante la modificacion de la composicion del material puede alterarse la sensibilidad de
los detectores fotoconductivos en una region determinada del espectro, tipicamente en la
region entre 1400 y 600 cm'L. Esta variacion en la sensibilidad del detector no es posible
para los detectores fotovoltaicos, que muestran un méaximo de sensibilidad entre 1000 y
800 cmL. Todos los detectores de semiconductor presentan una caida en su respuesta a
numeros de onda bajos, cominmente en la regién comprendida entre 1200 y 400 cm'L,
Ademas la sensibilidad de estos detectores también estd muy influenciada por las
propiedades de absorcién IR del material especialmente tratado del detector, asi como de

las ventanas del compartimento de refrigeracion que contiene N, liquido.

/.3.a3  Tratamiento de la muestra en espectroscopia FT-IR

Como se ha comentado, la incorporacion de la transformada de Fourier a la
espectroscopia infrarroja disminuyé considerablemente el tiempo de adquisicion de los
espectros IR. Sin embargo, la preparacién de la muestra para hacer uso de la técnica

sigue siendo la etapa limitante en el tiempo adquisicién de los mismos.
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Las técnicas para la preparacién de muestras solidas en espectroscopia FT-IR
abarcan desde el uso de suspensiones en aceites minerales o inertes (como Nujol o
Fluorolube) hasta la preparacion de pastillas de bromuro potasico (KBr) o la elaboracion
de peliculas finas. Las muestras también pueden ser estudiadas mediante reflectancia
difusa, método que requiere del uso de una cantidad de muestra mucho menor.

Las suspensiones en aceite mineral se preparan dispersando el sélido (con la
ayuda de un mortero) en el aceite mineral hasta conseguir una distribucién homogénea
del sélido. Una fina capa de la mezcla resultante es posteriormente depositada sobre las
ventanas estandar empleadas en la medida. Aunque este método de preparacion de
muestra es relativamente sencillo y no requiere del uso de equipamiento especial, el
aceite de Nujol presenta bandas de absorcion en 1380 y 1460 cm<, y en la regién IR
comprendida entre 2920-2850 cm?, por lo que puede enmascarar las bandas de
absorcion de la muestra en esas regiones, complicando la interpretacion de los espectros.

Las pastillas de KBr se preparan de manera analoga, pero en este caso la
mezcla resultante es transferida a un troquel y sometida a una presion de unas 10
Tm/cm? durante 10 minutos mediante la utilizacion de una prensa hidraulica y aplicacion
de vacio. De esta manera se obtiene una pastilla (0 ventana) transparente de KBr, en la
cual se encuentra la muestra disgregada de forma homogénea. En este caso, debe
tenerse en cuenta el caracter higroscopico del bromuro potasico, por lo que previa a su
utilizacion, este ha debido secarse (a unos 400°C) en una mufla durante al menos 24
horas.

La preparaciéon de la muestra por cualquiera de estas dos metodologias
requiere de una cierta cantidad de tiempo, experiencia, practica y habilidad.

Por otro lado, las peliculas finas se preparan depositando una pequefia cantidad
de una disolucion de la muestra en un disolvente apropiado (que debe ser volatil) sobre el
soporte de la muestra (generalmente ventanas estandar de liquidos) y dejando evaporar
el disolvente hasta la obtencién de una fina capa del solido a estudiar. Este método es
facil y rapido, y no requiere de equipamiento especializado. Dado que las muestras se
obtienen limpias (sélido puro, sin diluir), los espectros obtenidos estan libres de
interferencias por otras bandas de absorcidn que no sean de la muestra.

Como se ha comentado, otra forma de obtener espectros IR de muestras
solidas es mediante reflectancia difusa. Esta metodologia es, en si misma, bastante

rapida y sencilla. La muestra sélida se deposita, dispersada (0 no) en KBr, sobre un
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compartimento especial del instrumento. La principal desventaja de la reflectancia difusa
es que, en general, no es tan sensible como la espectroscopia de transmision. Ademas,

este método requiere del uso de un accesorio especial para el equipo de FT-IR.

/L.3.a4.  Venigjas de la espectroscopia FT-IR

Como se ha comentado, la principal ventaja de las espectroscopia FT-IR es la
disminucion drastica del tiempo de medida en comparacion con los equipos dispersivos.
Ademas de su rapida adquisicién de datos, la espectroscopia FT presenta otras ventajas.

En un equipo dispersivo, la reduccion principal en la intensidad de la sefial viene
determinada por el tamafio de las hendiduras del monocromador que, sin embargo, deben
de ser estrechas para garantizar una suficiente resolucion espectral. En la espectroscopia
por transformada de Fourier se requiere de una apertura para colimar, con un espejo
parabdlico, el haz que entra en el interferémetro. En un equipo FT-IR pueden tolerarse
aperturas relativamente grandes, lo cual reduce las pérdidas a la entrada del
interferémetro sustancialmente y, por tanto, la intensidad de la radiacién que llega al
detector es mucho mayor. Este efecto se denomina ventaja de Jacquinot y es la causante
de la mayor sensibilidad de los equipos FT frente a los dispersivos.

Otra ventaja importante de esta técnica viene determinada por otra
caracteristica de la espectroscopia FT, la cual se basa en el hecho de que la sefial que
llega al detector contiene tanto la sefial 6ptica como el ruido de fondo. El ruido tiene su
propio espectro, de manera que mediante la transformada de Fourier este es distribuido
en el rango espectral completo. Los equipos FT-IR promedian una serie de scans o
barridos (N) obtenidos de manera sucesiva en las mismas condiciones. La relacion sefial/
ruido depende de v/N y, por tanto, se puede aumentar incrementando el nimero de
scans acumulados por cada espectro obtenido. Asi, la relacion sefial/ ruido es mucho
mayor para un equipo FT que para uno dispersivo. Esta caracteristica de la
espectroscopia FT se conoce con el nombre de ventaja de Felgett.

Por otro lado, en la espectroscopia FT el ruido no es independiente de la
resolucidn empleada. Al incrementar la longitud del interferograma se registra mas ruido

de fondo, de manera que el ruido en el espectro también aumenta. Sin embargo esta
dependencia es de /1/Av en FT-IR, mientras que en un instrumento dispersivo es

proporcional a 1/Av.
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Por ultimo, la espectroscopia FT-IR presenta una elevada exactitud en nimero
de ondas que deriva del control preciso del interferémetro y de la adquisicion de datos

mediante el interferograma del laser de He-Ne.

IL.3.b.  Espectroscopia Raman

La dispersion Raman es un fenémeno extraordinariamente débil pero tiene una
serie de ventajas con respecto a otras técnicas de espectroscopia vibracional. Conseguir
resultados de buena calidad implica optimizar la técnica de muestreo, asi como el camino
optico desde la muestra hasta el espectrémetro, para de esta forma asegurar el envio de
la radiacion Raman mas intensa posible al detector.

Todo instrumento dptico es una combinacion de una fuente de radiacién y un
detector conectados por una cadena de elementos dpticos. Existen dos tipos basicos de
instrumentos Raman: los equipos dispersivos y los equipos interferométricos. Para
ambos, el disefio 6ptimo de la cadena de elementos dpticos que unen la fuente y el
detector difiere sustancialmente. En un equipo dispersivo, las rejillas de difraccion (o el
prisma) tienen que ser correctamente iluminadas a través de una rendija de entrada del
espectrémetro. En un equipo FT, el beam-splitter debe ser iluminado a través de un
orificio (un agujero circular) denominado punto de Jacquinot.

La deteccidn interferométrica de la luz Raman dispersada se ha desarrollado
siguiendo la bien establecida metodologia de la espectroscopia FT-IR. El disefio Optico
del interferémetro de Michelson es el mismo que el mostrado en la Figura 11.3.1 empleado
en FT-IR, pero, en este caso, incluye un filtro adicional para eliminar la radiacion laser
reflejada y la radiacidn Rayleigh dispersada. Debido a que los equipos FT-IR y FT-Raman
se basan en el mismo interferémetro, es comdn encontrar equipos FT-IR que incluyen un
médulo Raman opcional adicional. Por otro lado, los equipos FT-Raman son compactos,
por lo que se suelen usar para todo tipo de medidas, de rutina y especificas.

Las lineas de excitacion empleadas en espectroscopia Raman cubren la region
espectral desde el NIR (1064 nm) hasta el ultravioleta lejano (180 nm). Estas lineas de
excitacion son proporcionadas por diversos tipos de laseres. Los laseres mas
comunmente empleados son los laseres de gas noble ionizado, que emiten un gran
nimero de lineas discretas, principalmente en la region visible del espectro
electromagnético. Estos tipos de laseres requieren del uso de sistemas de refrigeracion

que, ademas de su relativamente alto coste de mantenimiento, representan serias
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desventajas. Los laseres de estado solido suponen una buena alternativa a los laseres de
gas noble, y entre los mas comunes se encuentra el bien establecido laser de Nd: YAG.
Aunque este laser posee sélo una linea de emision fundamental, a 1064 nm, pueden
conseguirse otras lineas mediante doblado de frecuencias (532 nm), triplicado (355 nm) y
cuadruplicado de frecuencias (266 nm). Ademas, existen laseres de diodo
comercialmente disponibles que operan en la regién comprendida entre el MIR y el NIR,
cubriendo asi la franja entre los laseres de Kr ionizado y de Nd: YAG.

Mientras que todos estos laseres operan con lineas de emisién discretas y bien
definidas, los laseres de colorante y de Ti: Zafiro son sintonizables en un rango
relativamente ancho. Los laseres de colorante cubren el rango completo desde el
ultravioleta cercano hasta el rojo, pero su instalacion y modo de funcionamiento son
relativamente exigentes. La manipulacién del laser de Ti: Zafiro es méas sencilla. Este
laser debe ser previamente bombeado por un laser de Ar ionizado o por el segundo
harménico de un laser de Nd: YAG. La emision del laser de Ti: Zafiro se restringe al rango
comprendido entre 700 y 800 nm, pero tiene una intensidad adecuada para ser doblado
en frecuencia de manera que pueden obtenerse lineas entre 350 y 400 nm.

La mayoria de los instrumentos FT-Raman estdndar comercialmente
disponibles estan restringidos al uso de la linea de emisién fundamental de un laser de
Nd: YAG (1064 nm), pero se comercializan equipos con dos o mas laseres segln las
necesidades de los usuarios.

La técnica FT-Raman ofrece todas las ventajas de la espectroscopia por
transformada de Fourier (i.e. las ventajas de Jaquinot y Felgett, elevada precision en
frecuencia, etc.). Ademas, la linea de excitacion a 1064 nm esta suficientemente
desplazada del UV-visible tal que en la mayoria de los casos el intervalo de energia con
respecto a las transiciones electronicas es suficientemente largo para evitar interferencia

con procesos de fluorescencia o fotoquimicos.
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Capitulo Ill: Resultados

Blogue 1: Estudio de la estructura molecular y el espectro vibracional de alquilsilanodioles
sencillos con formula general RR'Si(OH), (R,R' = CH3,CH,CH;)

En este bloque se recogen los resultados obtenidos en el estudio de tres
alquilsilandioles  sencillos:  dimetilsilanodiol (DMSD), etilimetilsilanodiol (EMSD) vy
dietilsilanodiol (DESD). Para estos sistemas, que previamente han sido sintetizados (por
primera vez en el caso de EMSD), se ha llevado a cabo el estudio tedrico-experimental de
su estructura molecular y su espectro vibracional (reportado por primera vez en el caso de
EMSD y DESD) siguiendo una metodologia similar que, en lineas generales, se describe
a continuacion. La asignacion de los espectros vibracionales de estas especies, asi como
la interpretacion homogénea de las bandas experimentales observadas en sus espectros
IR y Raman, puede resultar de interés para la monitorizacion espectroscopica de los
procesos sol-gel de compuestos organosilicicos, en los cuales se generan compuestos

silanodiélicos como intermedios de reaccion.

La estructura molecular tedrica de DMSD, EMSD, y DESD se estudié haciendo
uso de métodos ab initio (MP2) y DFT (B3LYP y M052X) junto con los conjuntos de base
6-31G*. 6-31+G*. 6-311++G**, cc-pVDZ, cc-pVTZ, aug-cc-pVTZ y aug-cc-pVQZ (esta
dltima s6lo en los calculos DFT). Se implementd la metodologia de andlisis de
poblaciones NBO como herramienta para estimar la estabilizacion relativa de las posibles
conformaciones moleculares de las citadas especies debido a efectos hiperconjugativos y
para justificar las diferencias en los parametros geométricos calculados para las mismas.
Los campos de fuerzas obtenidos en coordenadas cartesianas para los conférmeros de
DMSD, EMSD y DESD fueron transformados a un conjunto de coordenadas internas
naturales, para asi obtener una descripcion mas conveniente de la matriz de distribucion
de energia potencial (PEDM) que ayudara en el andlisis en modos normales de los
espectros IR (en tres matrices diferentes; pastilla de KBr, pelicula fina y disolucién de
DMSO s6lo en el caso de DMSD) y Raman (sdlido puro) registrados para las muestras.

En primer lugar, se llevé a cabo el estudio de la estructura molecular de DMSD
evaluando las posibles orientaciones de los grupos hidroxilo en la molécula mediante la
realizacién de un scan relajado (a nivel B3LYP y MP2 con cc-pVTZ) del angulo diedro
C — Si — 0 — H de la molécula. De este modo, se localizaron dos minimos en la curva

de energia potencial resultante, con una diferencia de energia entre ambos de 1.44

kcal/mol. Los grupos — OH en el minimo local (denominado conférmero Cl) presentan una
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conformacién gauche-trans con un valor de angulo diedro H — 0 — 0 — H de ~80°. El
minimo global, que presenta una orientacién gauche-gauche de los grupos hidroxilo, es la
conformacién clasicamente asumida como la Unica posible para el DMSD.

En el caso de EMSD y DESD, primero se realizé una blsqueda conformacional
segln las posiciones relativas de la cadena etilica (gauche, anti y eclipsada), con
respecto a los enlaces Si — O en las moléculas. So6lo se tuvieron en cuenta las
conformaciones de minima energia, de manera que, obviando las conformaciones
eclipsadas, se consideraron tres rotdmeros en los que variaba la posicion relativa del
grupo etilo (anti, gauche+ y gauche-, cuyos angulos C — C — Si — O toman valores de
~180° de ~60° y de ~-60°, respectivamente). Para cada uno de estos rotdmeros, se
realizé un scan relajado del angulo de torsién C — Si — O — H a nivel B3LYP/ 6-31G*.
En las curvas de energia potencial obtenidas también se localizaron dos minimos, que
diferian en la posicion adoptada por los grupos hidroxilo (gauche-gauche y gauche-trans).
El célculo de sus espectros vibracionales tetricos confirmd cinco conférmeros posibles
para EMSD vy diez para DESD como minimos reales (no se obtuvieron frecuencias
imaginarias) en las PES de las moléculas.

El andlisis de las energias relativas, calculadas con los métodos mencionados
anteriormente mostraron que, en los tres casos, los valores de AG, AE,, AG™ (donde el
superindice “*" denota el valor de AG obtenido cuando se sustraen las correcciones
entrépicas a los modos vibracionales de bajo nimero de onda de la molécula a los
valores de G calculados) disminuyen conforme aumenta el tamafio del conjunto de base
empleado.

Las poblaciones relativas calculadas para para cada conjunto de conférmeros
(en fase gas) fueron calculadas aplicando la ecuacion de Boltzmann y empleando los
valores de AE,. En el caso de DMSD, se calculd una mayor proporcion tedrica para el
conférmero Cl que para el Cll (57.7% Cl y 42.3% ClI, MP2/cc-pVTZ). Las pablaciones
relativas calculadas para el conjunto de conférmeros de EMSD y DESD estimaron, por el
contrario, una proporcién inferior de los conférmeros con orientacion gauche-trans de los
grupos hidroxilo.

El andlisis de los espectros IR y Raman de DMSD se llevé a cabo considerando
los nimeros de onda vibracionales calculados a nivel B3LYP/ aug-cc-pVQZ para ambos
conférmeros (Cl y CII), puesto que ambos contribuyen casi en la misma extension a la

composicién teodrica total de la muestra en fase gas. En general, los perfiles
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experimentales se reprodujeron con bastante exactitud por los perfiles tedricos calculados
para ambos conformeros, salvo en la region comprendida entre 1200-800 cmt, debido al
desplazamiento de los nimeros de onda de los modos vibracionales caracteristicos del
grupo Si(OH), por establecimiento de enlaces de hidrégeno. Para tener en cuenta el
efecto del enlace de hidrégeno en esta region del espectro IR de la muestra, se
modelaron dos dimeros enlazados por enlace de hidrégeno con los correspondientes
conformeros de la muestra. Sus espectros vibracionales calculados (B3LYP/ aug-cc-
pVTZ) se usaron para llevar a cabo el analisis vibracional en esta regién. En este caso, €l
perfil experimental de esta regién del espectro IR registrado para una disolucién de la
muestra en DMSO (2M), se reprodujo por los perfiles teéricos para ambos dimeros
también en disolucion de DMSO (aproximacion PCM). Debido a que para
alquilsilanodioles relacionados, la estructura cristalina se compone de unidades diméricas
enlazadas por enlace de hidrdgeno que, a su vez, interaccionan con unidades diméricas
vecinas, también por enlace de hidrogeno, se asumi6 que el disolvente podria haber roto
las interacciones a larga distancia disgregado la muestra en estas estructuras diméricas,
lo cual explicaria el nivel de similitud con los espectros teoricos calculados para los
dimeros.

El estudio de los espectros vibracionales registrados (IR en pastilla de KBry
pelicula fina, Raman sélido puro) para EMSD y DESD se realizd teniendo en cuenta los
resultados previamente obtenidos para DMSD. Asi, el analisis vibracional de ambas
especies se llevd a cabo considerando el conjunto de conformaciones moleculares que
contribuyesen en mayor extension a la composicién tedrica total de las muestras en fase
gas (i.e. EMSD: ClI, Cll'y ClIl puesto que estos contribuyen en un 68.6% y DESD: II, IV, VI
y VII cuya poblacion teérica corresponde con el 50.5% de la composicion tedrica total de
la muestra).

Los numeros de onda tedricos de los modos normales correspondientes a la
region 3200-1200 cm? de los conférmeros considerados para ambas especies, fueron
muy similares y, en todos los casos, reprodujeron razonablemente el perfil experimental
de las muestras en esta region (con la desviacion teorico/ experimental esperada derivada
del uso de la aproximacion arménica en el modelo tedrico). Ademas, en el caso de DESD,
el perfil IR tedrico obtenido considerando las contribuciones ponderadas en poblacién de

todos los conférmeros, fue comparado con aquel obtenido de la misma forma pero
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considerando sélo los cuatro conférmeros de menor energia. La similitud entre ambos
perfiles justifico el uso de los conférmeros principales en el anlisis vibracional.

Como se ha mencionado, los perfiles tedricos de los conférmeros de las
especies no reproducen adecuadamente la region del espectro IR comprendida entre
1200-800 cm-1 debido a que algunas de las bandas vibracionales caracteristicas del grupo
Si(OH), estan desplazadas a consecuencia del establecimiento de enlaces de
hidrogeno, por lo que las bandas vibracionales en esta region del espectro IR no fueron
asignables a modos normales de unidades monoméricas, por lo que se asignaron a
oligémeros de las especies.

Finalmente, los perfiles IR de los tres alquilsilanodioles estudiados fueron
comparados, mostrando una gran similitud, especialmente en esta regién, donde las
bandas centradas a 1176 y 1065 cm™ (DMSD), 1185 y 1060 cm (EMSD), y 1172 y 1051

cm! (DESD) fueron atribuidas, como se ha comentado, a la presencia de oligémeros.

La metodologia empleada para el estudio de DMSD, EMSD y DESD, y los
resultados que han sido expuestos someramente en este resumen, quedan detallados en
los articulos cientificos: “Dimethylsilanediol: structure and vibrational spectra by IR and
Raman spectroscopies and quantum chemical calculations” publicado en la revista
Vibrational Spectroscopy, 58, 79-86 (2012), “Synthesis and Structural Study of
Ethylmethylsilanediol by Quantum Chemical Calculations and IR and Raman
Spectroscopies” publicado en la revista Journal of Sol-Gel Science and Technology, 61,
258-267 (2012) y “Molecular Structure and Vibrational Spectra Analysis of
Diethylsilanediol by IR and Raman spectroscopies and DFT calculations” publicado en la
revista Journal of Sol-Gel Science and Technology 64, 54-66 (2012), cuyas versiones
previas a la impresion y ligeramente modificadas, para dar cabida a informacion adicional,

quedan recogidas en las siguientes secciones (1.a, 1.by 1.c).
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Dimethylsilanediol: structure and vibrational spectra by IR and Raman
spectroscopies and quantum chemical calculations
P. G. Rodriguez Ortega, M. Montejo, A. Marchal Ingrain, F. Marquez, J. J. L6pez

Gonzélez
Vibrational Spectroscopy, 2012, 58. 79-86.

ABSTRACT

Despite the predictable relation between the structure of the silanediol group and
its biological activity (some peptidomimetics containing the R’R”Si(OH), group have
proven efficiency as inhibitors of aspartyl and metalloproteases), few theoretical or
experimental works deal with the study of the structural and/ or vibrational properties of
this functional group. Thus, intending to overcome this lack of information, the present
paper is focused on one of the simplest possible alkylsilanediols, namely,
dimethylsilanediol (DMSD). In this way, a thorough quantum chemical analysis allowed us
identifying two different conformations that represent minima in the potential energy
surface (PES) of the molecule, depending on the relative orientation that the - OH groups
would adopt respect each other. Natural bond orbital calculations confirm that the
anomeric effect would be responsible of the higher stability of the so called conformer II
(C2 symmetry, structure classically assumed as the unique possible conformation of the
silanediol group) compared with conformer | (C. symmetry), although the energy
difference between both structures steadily decreases with the increase of the size of the
basis set chosen (AE,=0.84 kcal molt; B3LYP/ aug-cc-pVQZ). In addition to the
theoretical work, DMSD was synthesized and its IR spectra (in solid phase and
dimethylsulfoxide solution) and Raman spectrum (in solid phase) were, for the first time,
completely assigned with the support of DFT calculations. Besides the above mentioned
conformers, and in order to achieve a better description of the vibrational bands that are
shifted in the experimental spectra due to intermolecular interactions, two hydrogen
bonded dimers of DMSD were modeled and their vibrational spectra were calculated. The
results of this work point to the plausible presence of stable moderate-size hydrogen
bonded oligomers of DMSD even in solution.

Keywords

Dimethylsilanediol, IR, Raman, synthesis, molecular structure, anomeric effect.
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fM1a1  INTRODUCTION

Silanols are known to be intermediates in the so-called sol-gel processes of
organosilicon compounds leading to the preparation of SiO2 based materials with tailored
properties at industrial level. [1]

In addition, certain silanediols have recently been the target of pharmaceutical
research, due to their proven efficiency as inhibitors of aspartyl and metalloproteases
(such as angiotensin converting enzyme and HIV protease).[3,4] Since the inhibition
process occurs via the establishment of hydrogen bonds between the inhibitors and the
active site of the enzyme or the quelation of the metallic center, the structure of the -
Si(OH), group seems to play an important role in their biological activity. However,
despite the growing interest in these compounds, their propensity towards self-
condensation (which is greater in alkylsilanediols with small side chains) has made the
obtaining of experimental structural information a difficult task and, consequently, there is
a lack of studies focused on the characterization of compounds containing the silanediol
group, neither experimentally nor theoretically.

Thus, this work is aimed to improve the knowledge of the chemistry of the
silanediol group and for this task, the title molecule, dimethylsilanediol (DMSD), has been
chosen as a starting point for the systematic study of more complex silanediols, related to
those with biological activity.

There are several previous works in the literature concerning the theoretical
structural study of DMSD,[99-102] but none of them completely examine the potential
energy surface (PES) of the molecule. Likewise, we have found few works regarding the
vibrational spectra of this species. In 1953, Kantor [103] described for the first time the
synthesis of DMSD and recorded its IR spectrum in Nujol mull. Later, in 1986, Ho [104]
recorded the Raman and IR spectra, both in KBr pellet and Nujol mull, of DMSD and
carried out an incomplete assignment of its vibrational spectra assuming Cav symmetry for
the molecule. The most recent work in relation to the vibrational spectra of DMSD was
focused on the atmospheric degradation of poly(dimethylsiloxane)s, and no improvements
to the previous vibrational assignment of the molecule were proposed [105].

Thus, despite the number of previous papers existing in the literature about the
DMSD, the molecular structure and the vibrational spectra of this chemical species have

not been studied with enough detail yet. For this reason, our first task has been to
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theoretically study the PES, and the molecular and electronic structure of DMSD, including
a thorough conformational analysis. Our second goal has been to carry out the synthesis
of the DMSD molecule and to perform a complete assignment of its vibrational spectrum.
For this task, the IR spectra of the species in three different matrices, namely KBr pellet,
thin film and dimethylsulfoxide (DMSO) solution, and the Raman spectrum of the pure
solid, were recorded. Our proposed vibrational assignments are supported by quantum
chemical (DFT) calculations of the vibrational spectra of the two conformers into study,
and two different theoretical models of hydrogen bonded dimers of DMSD, that helped to
achieve a better comprehension of the shifting in the vibrational bands due to
intermolecular interactions in the solid and in DMSO solution.

Although the real silanediols used as proteases inhibitors have much more
bulkier substituents, we consider that the analysis of the structure and the chemical
environment of the silicon center may be crucial in their biological activity and, for this
reason, the results obtained for DMSD could be helpful in the subsequent study of bigger

and more complex systems.

M1a2  MATERIALS AND METHODS

DMSD was prepared in 80% yield from commercial dichlorodimethylsilane using
the procedure reported by Cella et al [106]. Silanediol obtained using this method was
found to be stable to storage (under inert atmosphere) for months in the freezer without
deterioration according with NMR data. *H NMR (400 MHz, DMSO-ds, 25°C) & (ppm): 5.76
(s, 2H, OH); -0.08 (s, 6H, 2CH;); 3C NMR (100 MHz, DMSO-ds) & (ppm): 0.61 (s,
2CH;). This aspect is especially relevant given the high propensity of the simplest

silanediols to undergo self-condensation depending on the synthetical conditions.

M.1a22 Vibrational Spectra.

The record of the IR spectra of the samples was carried out in three different
ways, i.e. using KBr pellets, thin films and a solution of DMSD in dimethylsulfoxide
(DMSO) (2M). For the preparation of the thin films, 20 L of a solution of DMSD in
acetone (0.1M) were deposited in a Csl window. Afterwards, the solvent was evaporated

under anhydrous conditions. Thus, the IR spectrum of the resulting solid film was recorded
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in the 400-4000 cm-! range using a FT-IR Jasco 4100 spectrophotometer, equipped with a
Globar source and a DTGS detector.

IR spectra of DMSD in KBr pellet and DMSO solution were recorded in the 300-
4000 cm? and 600-4000 cm ranges, respectively, using a FT-IR Bruker Vector 22
spectrophotometer, equipped with a Globar source, Csl optics and a DTGS detector. For
the spectra in solution, 0.5 ul of a 2M solution of DMSD in DMSO was deposed in a
standard liquid cell (KBr windows). The signal of the solvent was removed by subtracting
the spectra obtained for the same amount of pure DMSO.

The Raman spectrum of the pure sample was recorded with a Bruker RF100/S
FT-Raman spectrometer, equipped with a Nd: YAG laser (excitation line 1064 nm) and a
cooled Ge detector at liquid nitrogen temperature. All spectra were recorded with a

resolution of 1 cm and 100 scans.

M1a3 THEORY

/1481 Computational Details

All ab initio and DFT calculations were performed using the Gaussian 03 sulite of
programs [107]. Geometry optimizations and vibrational spectra calculations for the
different conformers of DMSD were carried out using the Becke’s three-parametric hybrid
exchange functional [108] combined with the Lee-Yang-Parr correlation functional [109]
and the second order Mdller- Plesset perturbation theory [110], in conjunction with the 6-
31G*[111], 6-31+G* [111], 6-311++G** [112] cc-pVDZ [113], cc-pVTZ [113], aug-cc-pVTZ
[114] and aug-cc-pVQZ [115] (this last only in the DFT calculations) basis sets.

For the geometry optimizations, the keywords opt=VTight, SCF=Tight and
Int=Ultrafine (in the case of DFT calculations) were used in order to tighten the
convergence criteria. Each stationary point obtained was characterized by the vibrational
wavenumbers computation at the above mentioned levels of theory.

Solvent calculations were carried out according to the Polarizable Continuum
Model [116] as implemented in Gaussian 03.

The force fields obtained in Cartesian coordinates at the B3LYP/ aug-cc-pvVQZ
level for the monomers were transformed into a set of natural internal coordinates [93] in
order to obtain a more comprehensive description of the PEDM (Potential Energy

Distribution Matrix). The force field transformation into natural valence coordinates and
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normal-mode analyses were performed using the MOLVIB [117,118] program. The set of
natural coordinates defined for the normal modes analysis are shown in Table lll.1.a.1 and
Figure Ill.1.a.1.

Table Ill.1.a.1. Natural Coordinates as defined for DMSD2

Number  Description  Definition

1,2 vSio I,

34 vSiC 3,4

5,6 vOH sl

7-12 vCH 17,I8,r9,r10,11,112

13,14 85CH, 6-12{a1,4+02,5+03,6-B1.4-B25-P36}
15,16 as 67142 a14- O25- A3}

1718 0UCHs gunf gys agg)

19,20 6-12{2 B1,4-B25- Pas}

21,22 pCH; 2-V2 B25- B}

23,24 6SiOH K1,K2

25 scSio, 26-12{50+y}

26 scCSiC Y

27 pSio, 0.5{n1-n2+nz-na}

28 wasio, 0.5{n1*tN2-nz-na}

29 twSio, 0.5{n1-nN2-ns+tn4}

30,31 1SiC 9 YW1 10+ Wa, 11+ Y3 12+ W4 13+ Ys 14+ s 15+ Y7 161 Y8, 17+ 9,18}
32,33 5i0 3YB1,4+025+036}

alnternal coordinates used for the definition of natural coordinates: a1,2,3,4,5,6= H9-C4-H10,H8-C4-H10,H8-C4-
H9, H12-C5-H13,H11-C5-H13,H11-C5-H12; B1,2,3,4,5,6= H8-C4-Si,H9-C4-Si,H10-C4-Si,H11-C5-Si,H12-C5-
Si,H13-C5-Si; k1,2= H6-02-Si, H7-03-Si; 0=02-Si-03; y= C4-Si-C5; n1,2,3,4= 03-Si-C4,02-Si-C4,03-Si-C5,02-
Si-C5; w1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18= H8-C4-Si-C5,H9-C4-Si-C5,H10-C4-Si-C5,H8-C4-Si-
02,H9-C4-Si-02,H10-C4-Si-02,H8-C4-Si-03,H9-C4-Si-03,H10-C4-Si-03,H11-C5-Si-C4,H12-C5-Si-C4,H13-C5-
Si-C4,H11-C5-Si-02,H12-C5-Si-02,H13-C5-Si-02,H11-C5-Si-03,H12-C5-Si-03,H13-C5-Si-03;
01,2,3,4,5,6=H6-02-Si-03,H6-02-Si-C4,H6-02-Si-C5,H7-03-Si-02,H7-03-Si-C4,H7-03-Si-C5.

Figure lll.1.a.1. Angles used in the definition of natural coordinates.
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Natural bond orbital (NBO) [119] calculations were accomplished using the
program NBO v3.1 [120] as implemented in Gaussian 03.

NM.1a4. RESULTSAND DISCUSSION

Ml1.a4.1 Theoretical conformational analysis and molecular structure

In order to determine the possible relative orientations that the OH groups would
adopt, a relaxed scan of one of the C — Si — 0 — H dihedral angles in the molecule was
performed, using the B3LYP and MP2 methods and the cc-pVTZ basis set. As shown in
Figure lll.1.a.2, two different conformations represent minima of the potential energy
surface of DMSD.

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

AE, ! Kcal mol”

C,
-180-150-120 90 60 -30 0 30 60 90 120 150 180
torsion C_-Si-O,-H [/ deg
Figure 1ll.1.a.2. Potential energy curve of DMSD at the MP2/ cc-pVTZ level of theory.

The local minimum in the curve, conformer | (from now on CI), corresponds to a
Ci structure in which the dihedral H—0 — 0 — H angle is approximately 80°.
Remarkably, this arrangement of the Si(OH ), group resembles that obtained from the X-
ray analysis of another closely related alkylsilanediol, namely diethylsilanediol.[121]

In addition, the global minimum, conformer II (from now on Cll), has C
symmetry with the OH groups tilted from the 0SiO plane by approximately 60°, in
agreement with the structure previously reported. [99,100,122] Classically only one
orientation of the OH groups was reported for silanediol systems, that corresponding with
the so called ClIl. Nevertheless, several previous works, concerning the theoretical and/or
the experimental structure of methanediol and dimethoxymethane in terms of the
stabilization due to the anomeric effect [123], have demonstrated that the orientation of the

OH groups observed in Cl is one of the possible energy minima for the structures of the
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carbon analogue,[124-126] although is not the global minimum. Thus, as above stated, a
careful analysis of the PES of DMSD allowed us to identify both the CI and the ClI
conformations of the OH groups in DMSD, as previously done for the carbon analogues.
[124-126] Both structures were characterized as real minima on the PES of DMSD by
calculating their vibrational spectra (which gave no imaginary wavenumbers).

Table lll.1.a.2. Relative Gibbs free energies (4G and AG*!) and AEy? energies of the two
conformers for DMSD calculated with the B3LYP and MP2 methods and the different basis sets
employed.

AG_AG™ AE,
6-31G* Cl 034 145 127
Cll_0.00 0.00 0.00
ccpvDZ  Cl 000 134 125
Cll_0.06 0.00 0.00
631+G*  Cl 015 118 103
cll_0.00 0.00 0.00

> 6311+G* Cl 023 115 103
& Cll 0.00 0.00 0.00
ce-pVTZ Cl 014 1.05 0.99
Cll 0.00 0.00 0.00

aug-cc-pviZ Cl 000 0.92 085
Cll 010 0.00 0.00

aug-cc-pvQzZ Cl 0.00 0.89 0.84
Cll 0.05 0.00 0.00

6-31G* Cl 042 168 145
Cll 0.00 0.00 0.00

cc-pvDZ Cl 042 151 143
Cll 0.00 0.00 0.00

6-31+G* Cl 042 132 123

N Cll 0.00 0.00 0.00
S 6-311++G* ClI 049 120 1.6

Cll_0.00 0.00 0.00
ccpvTZ Cl 0.72 153 1.08
Cll_0.00 0.00 0.00
aug-cc-pVTZ Cl 047 141 094
Cll_0.00 0.00 0.00
LAG™ correspond to the Gibbs free energy value obtained when the entropic corrections to the low wavenumbers
modes of vibrations are subtracted from the Gibbs free energies calculated. 2 E, = E, + ZPE.

Numerical values of calculated AG, AG* and AE, (see footnote on Table
lll.1.a.2 for definition) obtained with the different theoretical methods are summarized in
Table Ill.1.a.1. Besides, Figure lll.1.a.3 shows the effect of increasing the basis set size

over the AE, and AG™ values.
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Figure 1ll.1.a.3. Effect of increasing the basis set size on the calculated values of AE, and AG* for DMSD.

It is noteworthy that, in general, the energy difference between both conformers
decreases with the increase of the basis set size.

In order to take into account the relative multiplicities of the two conformers
based on their molecular symmetry, their relative populations in the gas phase (at room
temperature) were calculated from AE, values (B3LYP and MP2/aug-cc-pVTZ), using the

Boltzmann distribution equation.

I B3LYP/ aug-cc-pVTZ
70 I MP2/ aug-cc-pVTZ

60—-
50—-
40—-
30—-

20

Boltzmann Populations/ %

10 -

0 -

Cl (C;symmetry) Cll (C,symmetry)

Figure IIl.1.a.4. Gas-phase Boltzmann population distributions calculated theoretically (B3LYP/ aug-cc-pVTZ and
MP2/ aug-cc-pVTZ) for the two conformers of DMSD.

As shown in Figure lll.1.a.4, conformer I has the highest theoretical population in
the gas phase (57.7%, MP2/aug-cc-pVTZ). Conformer Il is estimated to be present in
lower proportion (42.3%, MP2/ aug-cc-pVTZ).
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The molecular structures of Cl and CIl conformers of DMDS, atom numbering,
molecular symmetries, as well as the main geometric parameters obtained theoretically
(B3LYP and MP2 with aug-cc-pVTZ basis set) are reported in Figure l1l.1.a.5.

Conformer I (C,symmetry)

B3LYP/ aug-cc-pVTZ g5 5
MP2/ aug-cc-pVTZ 959

95.9
96.0

T CSISI(1)0(JH(T) 76.7° T H(E)O(2).. O(3)H(7) 79.8°
745 81.0°

Conformer Il (C,symmetry)

359@

9.1

T CE)SIO@H(T) 55.8° THB)O(2)..O(3H(7) -101.2
56.0° -102.1

Figure 1ll.1.a.5. Molecular structure, atom numbering and point-group symmetries for the two conformers of
DMSD.

Quantum chemical calculations predict several differences among the main
geometrical parameters for both conformers. For Cl, the Si — O(2) bond distance is
significantly longer than the Si — 0(3) bond length, and, at the same time, is longer than
the unique Si — O bond distance in conformer CIl. Also, for CI, the Si — C(5) bond
distance is longer than the Si — C(4) bond length, and, equally, is longer than the Si — C
bond distance in CII. Additionally, the SiOH bond angle involving the longer Si — O bond
is calculated to be ca. 0.3° (MP2/ aug-cc-pVTZ) bigger than the other. Moreover, we found
that the theoretical value of the 0SiO bond angle for Cll is, approximately, 4° (MP2/ aug-
cc-pVTZ) superior than for Cl. These geometrical differences can be explained on the
basis of the anomeric effect. Considering the hyperconjugative model, a system containing
a structural motif like @« — 8 — y — &, where B is an electronegative atom and & has at
least one lone pair of electrons, can donate electrons from § into the ¢* antibonding
orbital of the g — y bond. This backbonding shortens the § — y bond length while the
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B —vy bond length increases. However, stabilization energy due to the electronic
delocalization appears when the 6 — y bond is in gauche arrangement respect 8 — y.

A silanediol group, like that studied here, match well with the system above
described. Thus the structural differences found along the two conformers can be justified
in terms of negative hyperconjugation of the lone pairs of the oxygen atoms that take place
when the —OH groups are in gauche orientations respect to the Si — O bond. In this
way, the influence of the hyperconjugative effects in the calculated geometries was
studied in the frame of NBO population analysis carried out for both conformers
(B3LYP/aug-cc-pvVQZz).

Table I1l.1.a.3. NBO electronic populations (in a.u.) of the lone pair orbitals of the oxygen atom and
the o-and o* orbitals of the SiC and SiO bonds in dimethylsilanol calculated at the B3LYP/ aug-cc-
pVQZ level.

Electronic population (a.u.)
Orbital Cl Cli
LP(1) 0> 1.96910

LP(1)0s  1.96706 1.96757
L e
.
e S
SOOI o
0*SiCs 0.06325 0.06120

o*SiCs 0.07365

In Table 111.1.a.3, the electronic populations of the lone pairs of the oxygen atom
03 and the ¢ and o*orbitals of the Si — 0 and Si — C bond are reported. As can be
seen, the occupation of the antibonding orbital corresponding to Si — 02 bond is higher
than in the Si — O3 bond of CI, which is consistent with the lengthening of the Si — 02
bond (see Figure Ill.1.a.5 for atom numbering).

As well, the antibonding orbital Si — C4 is appreciably less occupied than the
antibonding orbital SiCs, and thus, the Si — C4 bond is shorter. Additionally, the electronic
population of the antibonding orbitals Si — 02 and Si — Os in Cll is higher than in CI.
Since high populations in the antibonding orbitals lead to a lengthening, and therefore to a
weakening, of the bonds, these mentioned differences may explain the variation in the
calculated equilibrium distances for the same type of bond within one molecule. As

mentioned above, the hyperconjugation of electrons is favored when the —OH group is in
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gauche conformation, and therefore, this electronic transfer can take place from both
—OH groups in the case of Cll, and only from one of the —OH groups in CI.

Table 1ll.1.a.4. Magnitude (in Kcal molt) of the interaction energies between the two lone pair
orbitals of the oxygen atoms and the o* orbitals of the SiC and SiO bonds in DMSD calculated at
the B3LYP/ aug-cc-pVQZ level.
E@ (kcal molY)
interaction Cl Cli
LP(1) O>—0*Si0s  1.84 1.40
LP(1) Os—>c*Si02  2.90 1.40
LP(1) O2—c* SiCs - 2.75
LP(1) Os—»c*SiCs  2.66 2.88
LP(1) O2—c*SiCs  4.38 2.88
LP(1) Os—c*SiCs  1.19 2.75
LP(2) O2—c*Si0s  5.38 9.75
LP(2) Os—c*Si02  5.78 9.75
LP(2) O>—c*SiCs  8.29 5.17
LP(2) Os—»c*SiCs  0.83 -
LP(2) O2—c*SiCs  0.85 -
LP(2) Os—c*SiCs  8.10 5.17
> 42.2 439

In Table Ill.1.a.4 is shown the magnitude of the interaction between the lone
pairs of one of the oxygen atoms and the antibonding SiC and SiO bonds of DMSD for
each conformer, as well as the so called generalized anomeric effect (GAE) calculated for
each molecular conformation.

The total contribution of the GAE to the equilibrium between the CIl and CI

conformations, was calculated as:
GAE = Z(GAE)C, — (GAE) ey = —1.7 keal /mol

The decrease in the value of the GAE from the ClI and the CI conformation can
explain the higher stability of conformer CII in gas-phase on the basis of the anomeric
effect. Thus, this assumption is consistent with the predicted order of stabilities and with

the theoretical geometrical parameter values calculated for the two conformers.

The IR spectra (KBr pellet, thin film and DMSO solution) and the Raman
spectrum of the pure solid are shown in Figure 11l.1.a.6. The experimental wavenumbers of

the bands associated to fundamentals, with their relative intensities, are listed in Table
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lll.1.a.5, where the proposed vibrational assignment is also presented. As can be seen,
the assignment of the spectrum in DMSO solution has been carried out with the support of
DFT calculations over two hydrogen bonded dimers of DMSD.

For the sake of clarity, throughout this discussion, and unless otherwise is

stated, we will refer to the experimental bands observed in the IR spectra of the KBr pellet.

Region between 3300 cm-1 and 1200 cm-1

The vibrational assignment of this spectral region has been carried out using Cll

as a reference, since this is the most stable molecular conformation of DMSD.

100 4

g
g 80
5 604
T 404
20
- u . -
— 3000 1500
2 mu-
80
60
404
- 204 u (b)
— — ——
a0 3000 400 1200 1000 800 600
g 100+
8
€ 80+
£
E, 60
[ (c)
ke 40 v T "’l 1 v 1 . Ll . 1 . 1
_ 4000 3000 1400 1200 1000 800 600
3 1.0
8 08 I (d)
2
2 04
-]
£
&
E uoI v L] "" | A A A T . B
e 4000 3000 1400 1200 1000 800 600 400 200
wavenumbers / cm”

Figure 1ll.1.a.6. Recorded IR spectra in KBr pellet (a), thin film (b) and solution of DMSD in DMSO (2M) (c) and
Raman spectrum of the pure solid phase (d) for DMSD.

In any case, the calculated values (B3LYP/ aug-cc-pVQZ) of the wavenumbers
for the normal modes falling in the 3200-1200 cm region are almost identical for the two
conformers, and both match the experimental profile. Nevertheless, the vibrational
wavenumbers are shifted with respect to the experimental bands according to the
expected deviations arising from the use of harmonic approximation in the theoretical

methods.
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Table Ill.1.a.5. Experimentally observed bands (with relative intensities) and theoretical
wavenumbers (in cm1), including the proposed assignments.

Experiment? Theory
IR Raman B3LYP/QZ®  B3LYP/TZ® Assignmente
KBrpellet ~ Thinfilm  Solution Solid cu Cll DI DI
3901 3882(A) VOH
3886 3880(B)
3303vs,br  3136vs,br  3300vs,br VOH oligomers
3102 3101(B)
3095 3099(A) s
2962 2962vs 2959s 2964s 3091 3094(A) VSCHs
3084 3094(B)
3027 3027(B)
2900w,sh  2901w,sh 20 —o—r 58 VSCHs
2792vw Overtone(2x1400)
2678vw Combination(1420+1260)
2492vw  2501vw 2502vw Overtone (2x1255)
1420w,sh 1415w 1468 1468(B) 5"CH;
1410w,sh  1409w,sh 1408w,sh 1465 1465(A) 5"CH;
1458 1459(B) R
1400w 1402w uoow e o 5™ CHs
Overtone (2x690)
1384w Combination(646+690)
1337w 1336 w Overtone(2x646)
1290w,sh  1290vw &CHs
12608,br 1260s 1265vw 1300 1301(A) &CHs
1255s 1252s 1259vw 1296 1299(B)
1175m 1176m Oligomers?
1063s,br  1063m,br  1065m,br 1090 1065 .
10255 1050 1034 OO idorr
949m,sh  949m,sh 954m 222 ggg -5 SiOHHaceptor
878 897
904vs 905s 918m 903w o1 887
856 856
874vs 874vs 876m 877w 05 853
809 807
799vs 801s,sh 322 2732: V5i0+8SiOH+pCHs
790s 789s 778m 792w 788 786
778s,sh 778s
771 781
770 780
756 766
755 762
720 702
690w 701 692w 694 701
646w 647vs 628 632(A) V* SIiC(vSiO)
385m 370w 366(A) scOSi0 + 7Si0
347m 346 sc0Si0 + 1Si0
290w 315 313(B) wa Si02
270w 278(A) scOSiO + scCSiC + 7Si0
259 260(B) pSiO2 + pCH3
233 242(B) 75i0
208 scCSiC + 7Si0 + pCH3
213m 218(A) W SiO;
179  181(A) scCSiC +scOSi0
155 7Si0 + scCSiC
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Table 1ll.1.a.5. Experimentally observed bands (with relative intensities) and theoretical
wavenumbers (in cm1), including the proposed assignments.(Continuation)
146w 141 147(B) rSiC
84 136(A) rSiC
aAbrevations: vs= very strong, s= strong, m=medium, w=weak, vw=very weak, sh= shoulder, br="broad.
bTheoretical wavenumbers calculated for both monomers in gas phase at the B3LYP/ aug-cc-PVQZ level.
cTheoretical wavenumbers calculated for both dimers in DMSO solution with the B3LYP/ aug-cc-PVTZ method.
All modes have A symmetry. All modes have A symmetry. €Only shown contributions to the PED higher than
15%. 'Symbols used: vv= stretching, &= deformation, p= rocking, 7= torsion, sc= scissoring, tw= twisting, wa=
wagging. Superscripts “s” and “as” denote symmetric and asymmetric motions. 9See text for explanation.

Starting from the highest wavenumbers region, IR spectra of DMSD (in KBr
pellet, thin film and DMSO solution) show a very strong and broad band centered at 3303
cm?, 3136 cm? and 3300 cm'?, respectively, which can be attributed to the OH stretching
mode of the hydrogen-bond networks.

Then, we observed a strong band centered at 2962 cm'? in the IR spectra of the
sample. This band corresponds to the asymmetric stretching mode of the methyl groups,
whose theoretical values are estimated to be higher since in these vibrations the
anharmonicity has an important contribution. Also, the symmetric stretching of the C — H
bonds of the methyl groups appear as a weak band centered at 2904 cmt. The bands
observed in the region between 1420 and 1400 cm have been assigned to the —CHj,
asymmetric deformations, according to their respective theoretical values, as reported in
Table lll.1.a.5.

The broad band at 1260 cm-L, (observed as two peaks at 1260 and 1255 cm in
the spectrum of the thin film) corresponds with the —CH; symmetric deformations, also in

agreement with their calculated values (Table I11.1.a.5).

Region below 1200 cm-1

Below 1200 cm', the above commented experimental-theoretical deviations are
minor. Nevertheless, the spectral profile of the sample is very complex, due to the blueshift
of the characteristic vibrational modes of the silanediol group in the hydrogen-bonded
network. Thus, in order to overcome phase effects, the IR spectrum of DMSD was also
recorded in dimethylsulfoxide (DMSO) solution, as shown in Figure Ill.1.a.6c.
Nevertheless, the theoretical spectral profiles of the two conformers of DMSD (also

calculated in DMSO solution) failed reproducing the experimental profile of this region.
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To achieve a better comprehension of the experimental features, two different

hydrogen bonded dimers of the two conformers of DMSD were defined and their molecular
structure optimized in DMSO solution.

Dimer | (DMSO solution)

B3LYP/ aug-cc-pVTZ

e
-

_____

9

Figure ll.1.a.7. Molecular structure for the two dimers constructed for DMSD in DMSO solution. Bond distances
in pm.

Further, the vibrational spectra of the so-called Dimer | and Dimer Il (Figure
l1l.1.a.6) were also calculated in DMSO solution (B3LYP/ aug-cc-pVTZ). Remarkably, the

spectral profiles calculated for the dimers in the 1100-600 cm region, successfully

reproduce the observed spectra in solution, as shown in Figure I1l.1.a.8.
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Figure l11.1.a.8. Comparison of the 1200-600 cm! region of the experimental (DMSO solution) and theoretical
(B3LYP/ aug-cc-pVTZ) IR spectra of dimer Il (a) and of dimer | (b) in DMSO solution.

Bearing in mi
(B3LYP/ aug-cc-pVTZ)

(AEs°™) calculated at the same level (DMSO) are 15.8 and 14.5 kcal/mol, respectively,

the obtained results may point out to the presence of dimers (or moderate sized

oligomers) of DMSD in t
It is known

diethylsilanediol, is formed by dimeric hydrogen bonded units that are interconnected with

neighbor dimers also by hydrogen bonds. [121] Presumably, the solvent would have

disaggregated the solid

Supporting this assumption, it is noteworthy the disappearing in the IR spectrum of the

DMSO solution of the
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nd that complexation energies of dimers | and Il in gas phase

are 7.1 and 6.3 kcal/mol, respectively, and solvation energies

he samples in solution.

that the crystalline structure of a closely related silanol,

into these dimeric structures, breaking long distance interactions.

1176 cm? band observed in the spectra in solid phase, only
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attributable to higher order hydrogen bonded oligomers, as stated in previous works.
[127,128]

The medium band centered at 1065 cm, in the spectrum in solution (also
present in the IR and Raman spectrain solid phase) and the strong band centered at 1025
cm? (not present in the solid phase spectra) can be assigned to the -Si — 0 — H
deformation modes of the H-donors hydroxyl groups of both dimers, in accordance with
the theoretical values calculated for the dimers (Table 11.1.a.5).

Besides, the medium band centered at 954 cm in the spectrum in solution
could be assigned to the - Si — 0 — H deformation modes of the H-acceptors hydroxyl
groups of both dimers.

As can be seen in Figure 1ll.1.a.8, the matching of experimental and theoretical
profiles in this region make possible to assign the bands at 918 cmL, 876 cm, 778 cmt
and 701 cmL, observed in the spectra in solution to the modes calculated in this region for
the dimers in solution, which have mixed contributions of the Si — O bonds stretching,
—Si — 0 — H groups deformation and methyl groups rocking. As concerns the 778 cmt
band, the three counterparts that are observed in the spectra in solid phase, may be
justified in terms of splittings due to the crystalline state.

Finally, in the low wavenumber region of the IR and Raman spectra of the solid phase,
the bands appearing have been assigned to the skeletal motions of the molecule,
according to their theoretical values (calculated in the isolated molecule approximation for

the two monomers into study) as reported in Table I1l.1.a.5.

M.1a5. CONCLUSIONS

1. Two different conformers represent minima at the potential-energy surface of the
dimethylsilanediol (DMSD) molecule. Both conformer differ in the relative
orientation of the —OH groups, contrasting with the classic assumption of the
existence of one unique conformation of the silanediol group in previous studies.

2. The anomeric effect can explain the higher stability of CIl comparing with Cl
(AE;=0.84 kcall mol at the B3LYP/ aug-ccpVQZ level), which is the theoretically
most abundant conformer in the gas phase according with Boltzmann's
populations calculations (57.7% of Cl and 42.3% of CIl, MP2/ aug-cc-pVTZ).
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116

The IR and Raman spectra of DMSD have been newly recorded and assigned.
Remarkably, the experimental features in the IR spectrum recorded in DMSO
solution point out to the presence of stable moderate size hydrogen bonded
oligomers of the title species even in solution. This assumption has been
confirmed by means of the modeling of two different hydrogen dimers of DMSD

and the calculation of their vibrational spectra in DMSO solution.
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Synthesis and Structural Stuay of Ethyimethylsilanediol by Quantum Chemical
Calculations and IR and Raman Spectroscaopies
M. P. G. Rodriguez Ortega, M. Montejo, A. Marchal Ingrain, F. Marquez, J. J. Lépez
Gonzélez
Journal of Sol-Gel Science and Technology 2012, 61, 258-267.

ABSTRACT

The intrinsic instability of small alkylsilanediols and their propensity toward self-
condensation have been the main determiners of the scarce number of experimental
works dealing with their synthesis and vibrational characterization. This is the case of the
titte compound, ethylmethylsilanediol (EMSD), which preparation and purification is, to the
best of our knowledge, firstly reported in the present work.

Hence, we also report the first records of the IR and Raman spectra of the molecule that
have been thoroughly analyzed and completely assigned with the support of DFT
calculations. Further, as a previous step of the vibrational assignment, we accomplished a
thorough conformational analysis that allowed indentifying five conformations that
represent minima on the potential energy surface (PES) of the molecule, depending on the
different arrangement that both, the alkyl side chain and the - OH groups, can adopt.
Finally, natural bond orbital (NBO) calculations were implemented to justify the stability
order and the calculated geometries for the set of conformers in terms of the stabilization
derived from the anomeric effect.

Keywords

Ethylmethylsilanediol, vibrational spectrum, synthesis, molecular structure, sol-gel

intermediates.
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M1b.1  INTRODUCTION

Silanols are known intermediates in the sol-gel reactions of organosilicon
compounds, aimed to obtain oxidic (Si0O, based) materials of industrial interest.[1] The
potential use of IR and Raman spectroscopies in the monitoring of these processes makes
necessary a deep knowledge of the vibrational spectrum of precursors (normally
alkoxysilanes) and intermediates of the reaction. This fact, among others, has motivated
the theoretical and/ or experimental study of the vibrational spectra of several relatively
simple alkylsilanols. [129-142] In the case of silicon gem-diols, such as the title molecule,
their intrinsic instability (which is greater in systems with small substituents) has made
their synthesis and experimental characterization to be a challenging task and,
consequently, only those silanediols with substituents bulky enough have been
successfully synthesized. [21] Further, the interest in geminal silanediols is also being
spread due to the biological role of some peptidomimetics containing the - Si(OH),
group (silicon bioisosteres) [2,13-15], that have proven activity as inhibitors of some
aspartyl and metalloproteases (such as ACE, VIH, etc.). [9,4]

In the present work, we report the synthesis and the joint theoretical and
experimental structural characterization of a relatively small silanediol, namely
ethylmethylsilanediol (EMSD), including the first vibrational records of the IR and Raman
spectra of the species, which have been thoroughly analysed and completely assigned on
the basis of a previous conformational analysis of the molecule, which allowed identifying
five different molecular conformations representing minima in the potential energy surface
(PES) of the molecule.

The results of this work may help in the monitoring, using optical spectroscopies,
of the sol-gel processes of organosilicon compounds and, specifically, in those involving

gem-diolic intermediates.

Mi1b2  MATERIAL AND METHODS

M1b.21 Synthesis

Ethylmethylsilanediol was prepared in 61 % yield from commercial
dichloro(ethyl)methylsilane using the procedure reported by Cella et al. [106] This
procedure is a modification of a previously procedure reported by Takiguchi. [143] In

Takiguchi's procedure, the appropriate chlorosilane dissolved in ether is added at 0°C to a

120



Capitulo 11l 1.Estructura molecular y espectro vibracional de alquilsilanodioles sencillos

mixture of ether, aniline (1.0 equivalents per SiCl), water (1.0 equivalents per SiCl) and
enough acetone to make the mixture homogeneous. The desired silanol products are then
isolated by filtration to remove aniline hydrochloride, followed by evaporation of the ether
and rinsing of the products with pentane to remove any higher oligomers formed during
the hydrolysis. Although Takiguchi's procedure provides good yields of sensitive silanols
and silanediols, the products are often unstable to storage when trace amounts of residual
aniline are present. The immiscibility of aniline and pentane precludes its removal during
the washing step. Therefore, when employing this method, exact stoichiometry is critical.
Triethylamine used in Cella’s procedure offers a number of advantages over aniline as an
HCI acceptor in this procedure. Its volatility and solubility in pentane/hexane ensure its
complete removal from the silanol products during work-up. It can thus be used in a slight
excess during the hydrolysis step, avoiding any possibility of excess acid at the end of the
reaction. Consequently, silanols and silanediols, obtained using this modified procedure,
were found to be stable to storage for months in the freezer without deterioration

according to NMR data.

Experimental procedure

Dichloro(ethyl)methylsilane (2.8 g, 20 mmol) in 30 ml of ethyl ether was added
dropwise with stirring to a 0°C solution consisting of 4.0 g of triethylamine (40.2 mmol,
2.01 equivalents), 0.8 g of water (43 mmol, 2.15 equivalents), 70 ml of ethyl ether and
enough acetone (about 150 ml) to provide homogeneity. Addition of chlorosilane was
complete in 1.0 h. Following addition the solution was allowed to stir for an additional 30
min at 0°C. The triethylamine hydrochloride was removed by vacuum filtration and the
filtrate was concentrated to one tenth of its volume by rotary evaporation. At this point an
excess of hexane was added to the flask and rotary evaporation continued. The solid was
collected by filtration and washed with cold hexane to remove any residual triethylamine.
Recrystallization from hexane - ethyl ether afforded Ethylmethylsilanediol (1.3 g, 61%) as
a white solid. m.p. 74-75 °C; *H NMR (400 MHz, DMSO-de, 25°C) & (ppm): 5.68 (s, 20H);
0.87 (t, J = 7.8 Hz, 3H, CH;); 0.36 (q, J = 7.8 Hz, 2H, CH,); -0.10 (s, 3H, CHs); 1°C
NMR (DMSO-ds): 8.37 (CHs); 6.83 (CH,); -1.62 (CHs).
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M.1b.2.2 Vibrational Spectra

The record of the IR spectra of the samples in solid phase was carried out using
KBr pellets and thin films. For the preparation of the thin films, 20 uL of a solution of
EMSD in acetone (0.1M) were deposited in a Csl window. Afterwards, the solvent was
evaporated under anhydrous condition. IR spectrum of the solid deposition on the window
was recorded in the 400-4000 cm range using a FT-IR Jasco 4100 spectrophotometer,
equipped with a Globar source and a DTGS detector. IR spectrum of the sample in KBr
pellet was recorded in the 300-4000 cm range using a FT-IR Bruker Vector 22
spectrophotometer, equipped with a Globar source, Csl optics and a DTGS detector. Both
spectra were obtained with a resolution of 1 cm and 100 scans.

The Raman spectrum of the pure sample was recorded with a Bruker RF100/S
FT-Raman spectrometer, equipped with a Nd: YAG laser (excitation line 1064 nm) and a
cooled Ge detector at liquid nitrogen temperature. The spectrum was recorded with a

resolution of 1 cm? and 100 scans were used to improve the signal-to noise ratio.

163 THEORY

M.1.b.3.1. Computational Details

Ab initio and DFT calculations reported were performed using the Gaussian 03
suite of programs.[107] Geometry optimizations and frequency calculations for the
different conformers of the EMSD molecule were carried out using the Becke's three-
parametric hybrid exchange functional [108] combined with the Lee-Yang-Parr correlation
functional [109], (B3LYP) and the second order Méller- Plesset perturbation theory [144]
method (MP2), in conjunction with the 6-31G* [111], 6-311++G** [112] and aug-cc-pVTZ
[114] basis sets (the last only in the case of B3LYP calculations). Geometry optimizations
were tighten using the keywords opt=VTight, SCF=Tight and Int=Ultrafine (in the case of
DFT calculations). These options set the threshold of the RMS force criterion to 1-106
during the geometry optimization and scale the remaining criteria accordingly. Each
stationary point obtained was characterized by the vibrational frequencies computation at
the same level of theory.

The force fields obtained in cartesian coordinates at the B3LYP/ aug-cc-pVTZ
level were transformed into a set of natural internal coordinates [93] in order to obtain a

more comprehensive description of the PEDM (Potential Energy Distribution Matrix). The
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force field transformation into natural valence coordinates and normal-mode analyses
were performed using the MOLVIB [117,118] program. The set of natural coordinates
defined for the normal modes analysis are shown in Table 1ll.1.b.1 and Figure Ill.1.b.1.
Table I1l.1.b.1. Natural Coordinates as defined for EMSD?

Number Description

1.2 vSio I,12

34 vSiC r3,ra

5,6 vOH 5,16

7 vCC r7

8-15 vCH I8, l9,r10,r11,l12,113,l14,15

16,17 8§°CH, 6-2{01,4+025+03,6-P14-B25-B3.6}

18,19 as 67122 au4- O25- O36}

2021 9T ounfgye qag)

22,23 6-22{2 B1,4-B25- Bas

24,25 pCH; 2‘1’4 B2s5- Bag} }

26 ScCH, 26'12(c1-y1)

27 sc CCSi 11

28 pCH, 0.5(k1-k2+P7-Ps)

29 waCH, 0.5(k1+K2-B7-Bs)

30 twCH, 0.5(k1-k2-B7+Ps)

3132 6SIOH i

33 scSi0, 26-12{5m+p}

34 scCSiC p

35 pSio, 0.5{01-02+03-04}

36 waSio, 0.5{01+62-03-04}

37 twSio, 0.5{01-02-03+64}

38,39 TSiC 9YA1,10+A211+A3 12+ As 13+ A5 14+ A6 15+ A7,16+ Ag 17+ Ao 18}
40,41 tSi0 YD1 4+ D25+ D36}

42 CC IYYV I+ Yot WatWat Ws+Wet P r+WetWo}

alnternal coordinates used for the definition of natural coordinates: al,2,3,4,5,6=H10-C4-H11,H9-C4-H10,H11-
C4-H9,H16-C6-H16,H14-C6-H16,H15-C6-H14;B1,2,3,4,5,6,7,8=H9-C4-Si,H9-C4-Si,H10-C4-Si,H11-C4-Si,H14-
C6-C5,H15-C6-C5;H16-C6-C5,H13-C5-C6,H12-C5-C6;k1,2=H13-C5-Si,H12-C5-Si;0=H12-C5-H13;y=Si-C5-
C6;n=02-Si-03;p=04-Si-C5;01,2,3,4=C5-Si-02,C5-Si-03,C4-Si-02,C4-Si-03;u1,2=H7-02-Si,H8-03-Si;
Al1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18=H9-C4-Si-02,H10-C4-Si-02,H11-C4-Si-02,H9-C4-Si-03,H10-
C4-Si-03,H11-C4-Si-03,H8-C4-Si-03,H9-C4-Si-C5,H10-C4-Si-C5,H11-C4-Si-C5,H12-C5-Si-02,H13-C5-Si-
02,H12-C5-Si-03,H13-C5-Si-03,H12-C5-Si-C4,H13-C5-Si-C43,C6-C5-Si-C4;C6-C5-Si-02,C6-C5-Si-
03;91,2,3,4,5,6,7,8,9=H14-C5-C6-H12,H15-C5-C6-H12,H16-C5-C6-H12,H14-C5-C6-H13,H15-C5-C6-H13,H16-
C5-C6-H13,H14-C5-C6-Si,H15-C5-C6-Si,H16-C5-C6-Si; ¥1,2,3,4,5,6=H7-02-Si-03,H7-02-Si-C4,H7-02-Si-
C5,H8-03-Si-02,H8-03-Si-C4,H8-03-Si-C5.

Natural bond orbital NBO [119] calculations were accomplished using the NBO v3.1 [120]

as implemented in Gaussian 03.

123



Seccién b. Etilmetilsilanodiol

Figure I1.1.b.1. Angles used in the definition of natural coordinates.

M1b4  RESULTS AND DISCUSSION

M.1.b.4.1. Theoretical conformational analysis and molecular structure

To the best of our knowledge, this is the first report of the molecular structure of
the title compound from either a theoretical or experimental point of view.

Searches for the conformers of EMSD were performed in two steps. Firstly, we
performed a conformational analysis considering the gauche (g) or anti (a) orientation that
the ethyl groups can adopt respect to the Si — O bonds. [128] In such systems, the
possible values of the € — C — Si — O dihedral angle with respect to the remaining
Si — O bond are 180° (a), +60° (g+) and -60° (g-) as shown in Figure 111.1.b.2. In this way,

three different arrangements of the ethyl group were considered.

b
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Figure 11l.1.b.2. Different conformations adopted by the ethyl group in a generic silanediol system.

For each of these structures, a relaxed scan of one of the C —Si — 0 — H

dihedral angles was performed at the B3LYP/ 6-31G* level, in order to evaluate the
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possible relative orientations that the OH groups would adopt. As shown in Figure
[11.1.b.3, these scans present two minima.

The local minimum corresponds to a gauche-trans (gt) conformation of the
hydroxyl groups (which H — 0 — O — H dihedral angle is close to 80°), whereas the
global minimum corresponds to a structure with the —OH groups in gauche-gauche (gg)
arrangement, tilted from the 0SiO plane by approximately 60°. These two conformations
of the hydroxyls groups are essentially the same than those found for a closely related
molecule previously studied, i.e. dimethylsilanediol (DMSD).

In order to determine if these structures represent real minima on the PES of the
molecule, their vibrational spectra were calculated, rendering no imaginary frequencies in
the case of the conformations detected in scans | and Il and the global minimum in scan
M.
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Figure 111.1.b.3. Plots of the relaxed scans of the C — Si — O — C dihedral angle obtained for the three possible
alkyl chains arrangements in the EMSD molecule (B3LYP/6-31G*).
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On the contrary, the calculation yielded one imaginary frequency for the local
minimum in scan Ill, which corresponds to the Si — O torsional deformation mode.
Therefore, this structure was discounted. Summarizing, five conformers were finally
identified and characterized as real minima on the PES of EMSD as shown in Figure
lIl.1.b.4. Note that the pairs Cl and CI', and Cll and CII' differ on the orientation of the

—OH groups, keeping the same arrangement of the alkyl chains.

Conformer | (gg) Conformer Il (g9)
B3LYP/ aug-cc-pVTZ

Figure l1l.1.b.4. Molecular structures and atom numbering for the five conformers of EMSD.

The calculated geometrical parameters of Cl, Cll and ClII are very similar. The
more significant differences between these three conformers are found for the dihedral
angles ¢ — C — Si — 0, which are different depending on the gauche (g+ or g-) or anti
position adopted for the ethyl group respect to the Si — O bonds. Thus, for Cl the value of
the dihedral angles C;, — Cs — Si; — 0, and C¢ — Cs — Si; — O3 are 178.8° and 59.2°
(B3LYP/ aug-cc-pVTZ), respectively. For Cll and ClII, these dihedral angles are -59.8° and
-179.5° and 61.1° and -58.6°, respectively. On the other hand, for conformers | and I', as
well as for conformers Il and II', the main differences lie on the bond distances and bond
angles that are affected by the —OH arrangement. For instance, both Si — O bond
distances are almost the same in ClI, Cll and Clll, whereas for CI' and CII' Si — O, bond
distance is sensibly higher than Si — 05 bond. The same goes for the Si-C bond

distances of conformers I" and II'.
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These differences in bond distances and angles between conformers | and its
counterpart I', as well as between conformers Il and II', can be explained on the basis of

the anomeric effect (negative hyperconjugation of the lone pairs of the oxygen atoms),

which only take place when the - OH groups are in gauche orientations respect to the
Si — O bond. Thus, the influence of the hyperconjugative effects in the calculated
geometries was studied in the frame of NBO population analysis carried out for the series
of conformers (B3LYP/ aug-cc-pVTZ).

In Table 111.1.b.2, the electronic populations of the so-called lone pair orbitals of the
oxygen atoms and the ¢ and ¢* orbitals of the Si0O and SiC bonds are reported.

Table 1l.1.b.2. B3LYP/ aug-cc-pVTZ NBO electronic populations (in a.u.) of the lone pair (LP)
orbitals of the oxygen atoms and the o and o* orbitals of the SiC and SiO bonds in EMSD.

Electronic population (a.u)

Orbital Cl Cll Clil cr cir

oSi0; 198628 1.98645 198636 1.98608 1.98628
oSi0s 198643 1.98635 1.98631 1.98689 1.98672
oSiCs 197158 1.97159 197140 197180 1.97182
oSiCs 195976 1.95985 1.95951 1.96103 1.96061
LP(1) 02 1.97015 1.97032 197010 1.97184 1.97020
LP(1)Os 1.97086 1.97054 1.97026 1.97001 1.96973
LP(2) 02 1.93640 1.93641 1.93686 1.93904 1.94201
LP(2) Os 1.93640 1.93632 1.93665 1.93789 1.93809
0'Si0,  0.07233 0.07618 0.07580 0.06665 0.07009
0*'Si0s  0.07621 0.07258 0.07515 0.06369 0.05524
o*SiCs  0.05746 0.05719 0.05470 0.05913 0.06090
o*SiCs  0.06157 0.06046 0.06222 0.07172 0.07314

As can be seen, the occupation of the antibonding orbital corresponding to SiO,
bond is higher than in the SiO5 bond of conformers I' and II' (both with a gt arrangement
of the hydroxyl groups), which is consistent with the lengthening of the Si0, bond in these
structures. Besides, the antibonding orbital o*SiC, is appreciably less occupied than the
antibonding orhital *SiCs, and thus, the SiC, bond is shorter. Furthermore, unlike gt
conformers the electronic populations of the bonding orbitals Si0, and 6Si05, and of
the bonding orbitals o;c, and og;, in gg conformers, are almost equal.

Since high populations in the antibonding orbitals lead to a lengthening of the
bonds, these mentioned differences may explain the disparity in the calculated equilibrium
distances for the same type of bond within one molecule. Due to the fact that the anomeric

effect is favored when the hydroxyl group is in gauche arrangement, this electronic
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transfer can take place from both —OH groups in the case of gg conformers, and only
from one of the —OH groups in gt conformers. Table l1.1.b.3 shows the magnitude of the
interaction between the lone pairs of one of the oxygen atoms and the antibonding SiC
and Si0O bonds of each conformer of EMSD.

Table 1ll.1.b.3. Magnitude (in kcal-mol?) of the interaction energies between the two lone pairs
orbitals of the oxygen atoms and the ¢ and ¢* orbitals of the SiC and SiO bonds in EMSD
calculated at the B3LYP/ aug-cc-pVTZ level.

E® (k] mol)

interaction Cl Cll Clll cr cIir
LP(1) O2—>0* Si0s 105 091 124 172 279
LP(1) Os—>0* Si0; 115 1.07 112 243 220
LP(1) O2—>0* SiCs 243 246  2.15 - -
LP(1) Os—>0* SiCs 292 289 287 272 275
LP(1)0>—0* SiCs 3.06 304 306 343 324
LP(1) O3>0 SiCs 205 205 205 088 174
LP(2) 02—>0* Si0z 958 976 9.05 592 350
LP(2) 0s—>0* Si02 924 953 933 562 598
LP(2) 0—>0* SiCs+ 466 444 516 734 820
LP(2) Os—>0c” SiCs - - - 0.79 0.66
LP(2) 020" SiCs - - - 056 176
LP(2) 0s—>0* SiCs 485 465 499 734 711

2 4100 4082 40.79 38.75 39.94

As can be seen, the sum of the magnitude of all interactions between the lone
pairs of both oxygen atoms and the mentioned antibonding orbitals is 1.5 kcal/mol
(average) higher in gg conformers than in gt conformers. For closely related systems, as
the previously studied dimethylsilanediol molecule, has been proven that lower
contributions to the stabilizing anomeric effect could even justify the instability of some
structures. This could be the case of the local minimum in scan Il which, in fact, do not
represent minimum on the PES of EMSD.

These results confirm that the gg conformations are strongly favored since the
electronic delocalizations of the oxygen electron lone pairs are higher in such systems.
Also, these results are consistent with the theoretical geometrical parameter values found
for the five conformers and their predicted order of stabilities in the gas phase, discussed

below.
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Numerical values of calculatedAG, AG* and AE, (see footnote on Table I11.1.b.3

for definition) obtained with the different theoretical methods are summarized in Table

l1.1.b.4.

Table Ill.1.b.4. Relative Gibbs free energies (AG and AG*)' and AE? energies of the five
conformers of EMSD calculated with the B3LYP and MP2 methods and the different basis sets
employed. Energy values in kcal-mol-L.

AG (kcal molt)

AG” (keal mol)

AE  (keal mol)

6-31+G*6-311++G**aug-cc-pVTZ6-31+G*6-311++G**aug-cc-pVTZ6-31+G*6-311++G**aug-cc-pvVTZ

Cl 0.70 0.67 0.38 0.20 0.11 0.11 0.18 0.12 0.09
g Cll_0.66 0.40 0.17 0.09 0.06 0.03 0.10 0.06 0.02
§ Clil_0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 352 3.56 113 1.96 1.63 1.40 1.35 114 0.89
CII'_2.65 3.60 0.60 2.09 1.80 1.55 141 124 1.05
Cl 058 0.75 0.02 0.07 0.13 0.12
«~ Cll 019 0.10 0.00 0.02 0.00 0.00
Sci 0.00 0.00 0.31 0.00 0.00 0.00
Cr 372 4.47 2.37 1.53 1.44 1.20
CIr 3.72 4.63 2.06 1.80 1.44 1.37

1AG* stands for the Gibbs free energy values obtained when the entropic corrections to the low frequencies
modes of vibrations are subtracted from the Gibbs free energies calculated. 2E, = E, + ZPE.

As can be seen, the energy difference between the five conformers decrease

with the increase of the basis set size, as shown in Figure 111.1.b.5.
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Figure 1ll.1.b.5. Effect of increasing the basis set size on the calculated values of AE, at the B3LYP level of

theory.

Their relative populations in the gas phase (at room temperature) were calculated

theoretically (B3LYP/ aug-cc-pVTZ) from the AE, values, using the Boltzmann distribution

equation. Conformers CI' and CII' (gt arrangement of hydroxyl groups) are estimated to be
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present in lower proportion than gg conformers, being their theoretical gas phase
population 16.2% and 15.2%, respectively. Conformer Il is estimated to have the higher
theoretical population in gas-phase (23.2% B3LYP/aug-cc-pVTZ). Conformers Cl and ClI
are calculated to represent the 22.4% and 23.0%, respectively, of the total sample

composition.

M.1.b.4.2. Vibrational Stuay

The IR spectra of the solid phase (KBr pellet and thin film) and the Raman
spectrum of the pure solid EMSD are shown in Figure 11l.1.b.6. The observed vibrational
bands and their relative intensities are listed in Table I1l.1.b.5 along with their proposed
assignments to the normal modes of the three main conformers of EMSD.

For the sake of clarity, throughout this discussion, and unless otherwise stated,

we will refer to the experimental bands observed in the IR spectra of the KBr pellet.

Region between 3300 cnr! and 1200 crm!

The vibrational assignment of this spectral region has been carried out using Cl,
ClI and CllI conformers as a reference, since their population amounts to 68.6% (B3LYP/
aug-cc-pVTZ) of the sample composition in gas phase.

Nevertheless, for the five conformers into study, the theoretical values of the normal
modes falling in the 3200-1200 cm-! region are very close and, in all cases, reasonably
reproduce the experimental profile, considering the expected theoretical/experimental
deviations derived from the use of the harmonic approximation in the theoretical methods.

Starting from the higher wavenumbers region, IR spectra of EMSD of both KBr
pellet and thin film show a very strong and broad band centered at 3200 cm-2 which can be
attributed to the OH stretching mode of the hydrogen-bond network.

Between 2960 and 2880 cmt, we observe five intense bands in the IR spectrum
of the sample, corresponding to the symmetric and asymmetric stretching modes of
C — H bonds of methyl and methylene groups, as reported in Table 11.1.b.5.

The bands observed between 1470 and 1270 cm have been assigned to the
asymmetric deformations of the methyl groups, methylene scissoring and —CHj,
symmetric deformations, according to their respective theoretical values (see Table
lIl.1.b.5).
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Finally, the vibrational bands centered at 1258 and 1242 cm! have been attributed
to methylene wagging and twisting of the ethyl group, respectively, also in agreement with

their calculated values (Table 111.1.b.5).
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Figure l11.1.b.6. Experimental IR spectra of the KBr pellet (top) and the thin film (middle) and the Raman
spectrum of the solid phase (bottom) for EMSD.

Region below 1200 crm!

Although in this region the above mentioned experimental-theoretical deviations
are slighter (due to the minor anharmonic character of the normal modes appearing in this
region), the spectral profile of the sample is very complex due to the blueshifting of some
characteristic vibrational modes of the silanediol group in the hydrogen bonded network.

IR spectrum of the sample show a medium intensity band centered at 1185 with a
shoulder at 1060 cm<, attributable to the symmetric and asymmetric -Si — 0 — H
deformation mode of hydrogen-bonded oligomers of EMSD of different size. This
supposition is supported by previous works dealing with the study of the vibrational
spectra of cyclic oligomers of the silanol molecule. [139,102]

The bands appearing between 1020 and 930 cm have been assigned to the C — C
stretching mode, Si — CH; rocking and methylene twisting, according to their theoretical
values (Table 111.1.b.5).
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Table Ill.1.b.5. Experimentally observed bands and theoretical frequencies (in cm-1) at the B3LYP/
aug-cc-pVTZ level for the three main conformers of the EMSD molecule along with the proposed
assignments and the main terms of the PED for each mode. The bands that prove the presence of
more than one conformer are shown in bold.

Experiment Theory
IR Raman B3LYP/ aug-cc-pvVTZ Assignment:
KBr pellet Thin film Solid cl Cll clil
3873 3874 3874
3871 3872 3872 VOH
3200s.br 3194 s.br JOH network
2961s 2961s 2964s 3102 3103 3101 s
3095 3095 s005 VOO
2940s 2941sh 2940s 3086 3092 3090 ;
073 074 o0V oot
2917 s 2917s 2915sh 3042 3040 3044  VCH
2893w 2891m 2899s 3030 3030 3029  v*Si-CHs3
2878 w 2879s 2881s 3023 3024 3020 v C-CHs
3012 3008 3013 V*CH:
2807 w Overtone (2x1415)
2740vw 2738w 2739w Overtone (2x 1383)
2677vw Combination (1417+1265)
2491vw Overtone (2x1258)
1466sh 1508 1508 1510 5™ CCHs
1462m 1460m 1464w 1504 1505 1504 5™ CCHs
1417w 1419sh 1464 1464 1463 5™ SiCHs
1415w 1416m 1415w.br 1461 1461 1460 5™ SiCHs
1383w 1379m 1380vw 1454 1452 1453 scCH.
1364vw 1364m 1418 1416 1414 5°CCHs
1265m 1264s 1265vw 1297 1297 1297 &°SiCHs
1258m 12545 1255vw 1278 1280 1281 waCH; (p CHs)
1242sh 1241vw 1246w 1262 1268 1269 twHa + pCH2
1185m 1180m.br Oligomers?
1060 sh Oligomers?
1014m 1013s 1016 w 1030 1030 1029  vCC+pSiCHs
970sh 969sh 976 w 984 988 986  pSiCHz+twCH,
963m 981 980 981 VCC+pSiCHz+twaCH:
904 904 901  SSiOH +15i0
922sh 922sh 926vw VSiO blueshifted
892vs 886sh 881vw 885 883 885 VSi0
861vs 861s.br 859w 876 876 877  SSiOH +18i0
793m 792s 803 804 802  SSiOH +15i0
776m 7765 7780 774 778 779 pCCHs (SSIOH)
770 769 766 pCCHs+1Si0+5Si0OH
741m 740s 743w 724 723 704 VSIC (pSiCHa)
690w.br 672 674 692  pCH.
624w 624w 626vs 607 609 612 vSiC
405 w 405 sh 384 386 waSiCz+ scCCSi
375w 380vw 368 363  scOSiO+scCCSi
345w 350vw 332 345 7Si0+scCCSi +pSiCa
315w 317w 309 309 waSiC, + 7CC
282w 288w 278 274 7332 -pSiCat 7Si0+scCSIC
2400w BB I usicy+ i04SICE
213 215 216 twSiC + scOSiO
178w 126 171 179 7CC+wSiCatscCSiC
140 vw 142 142 137 4SiC
135 133 132 scCSiC +scCCSi
62 62 60 SiC

aAbbreviations: vs= very strong. s= strong. m=medium. w=weak. vw=very weak. sh= shoulder. br= broad. Only shown
contributions higher than 15%. ¢<Symbols used: v= stretching. &= deformation. p= rocking. z= torsion. sc= scissoring. tw=
twisting. wa= wagging. Superscripts “s” and “as” denote symmetric and asymmetric motions. 4See text for explanation.
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The stretching mode of the Si — O bond appears as a strong band centered at 892
cmL. As was stated by previous authors [102], the slight strengthening of the Si — O bond
due to the formation of hydrogen bonds, produces an increase of ca. 20-40 cm? in the
wavenumber of the Si — O stretching normal mode. Thus, the observed band centered at
922 cmtin the IR spectra has been assigned to the blueshifting of the Si — O stretching
normal mode. This assignment is also consistent with the previously obtained results for
DMSD. The two intense bands at 861 and 793 cml have been attributed to the
asymmetric and symmetric deformation modes of the - SiOH group, in agreement with
theoretical calculations (Table 111.1..5).

Finally, the bands appearing in the spectral region between 800 and 600 cmt have
been assigned to the methyl and methylene rockings, and to the Si — C stretching mode,
according to their theoretical values that are reported in Table I11.1.5.5.

Low frequency region

The experimental bands appearing below 600 cm? have been assigned to the
skeletal vibrational modes of the molecule, according to their calculated values (Table
l1.1.b.5). Remarkably, the assignment of these vibrational bands allowed detecting the

presence of more than one molecular conformation in the samples.
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Figure 1ll.1.b.7. Theoretical IR and Raman spectra obtained averaging the weighted contributions of the three
main conformers of EMSD compared with the theoretical spectral profile of Cl, Cll and CliI (above) and with the
experimental IR and Raman spectra (below) in the 420 — 260 cm! region.
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The theoretical IR and Raman spectra obtained averaging the weighted

contributions of the three main conformers of EMSD (according to their relative

populations in gas phase) is compared with the spectral profile of Cl, Cll and Clll in the

420 - 260 cm region (above) and with the experimental IR and Raman spectra in the

same region (below) in Figure I1l.1.b.7.

As can be seen, the bands appearing at 345 and 315 cm? in the IR and Raman

spectra of the sample cannot be assigned to the main conformer (CIll), and can only be

justified assuming the presence of ClI and/or Cll (see also Table lll.1.b.5). This fact

evidence the conformational mixture in the samples.

165  CONCLUSIONS

134

. EMSD has been synthesized for first time, using the procedure reported by Cella

et al., with 61% yield. The first records of the IR and Raman spectra of the

molecule are also reported.

. A thorough conformational analysis confirmed that five different molecular

conformations are minima on the PES of EMSD, differing in the anti or gauche
(g+ or g-) orientation of the ethyl group and in the gg or gt arrangement of the —

OH groups.

. The predicted order of stabilities and Boltzmann populations in gas phase (i.e.

Clil > Cll > Cl > CII' > CI" at B3LYP/aug-cc-pVTZ level) are explained in terms of
the stabilization of the different molecular conformations due to the anomeric

effect, theoretically analyzed by NBO calculations.

. Finally, a complete vibrational assignment, accomplished with the support of

B3LYP/ aug-cc-pVTZ calculations, has evidenced the occurrence of the

conformational mixture in the samples.
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Molecular Structure and Vibrational Spectra Analysis of Diethylsilanediol by
IR and Raman spectroscopies and DFT calculations
M. P. G. Rodriguez Ortega, M. Montejo, A. Marchal Ingrain, F. Marquez, J. J. Lépez
Gonzélez
Journal of Sol-Gel Science and Technology 2012, 64, 54-66.

ABSTRACT

A thorough theoretical analysis (DFT/ B3LYP) of the potential energy surface
(PES) of diethylsilanediol (DESD) allowed finding ten stable conformations of the
molecule, differing on the relative arrangement of both ethyl and hydroxyl groups. The
Boltzmann's population analysis allowed establishing their stability order that was justified
in terms of the anomeric effect analyzed by means of the Natural Bond Orbitals (NBO)
methodology. Besides, DESD was synthesized and characterized using FT-IR and Raman
spectroscopies data, firstly reported in this work, combined with DFT calculations (B3LYP/
aug-ccpVTZ). Finally some of the main structural and vibrational features of this and other
closely related alkylsilanediols, i. e. DMSD and EMSD, have been put together in order to
establish some trends that can allow a better understanding of the chemistry of these
compounds.
Keywords
Diethylsilanediol, IR, Raman, Structure, Vibrational spectra.
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M1cl  INTRODUCTION

Organosilicon compounds are a wide family with a large variety of applications in
the chemical industry. Specifically, silanediols are important intermediates in sol-gel
processes [1], aimed to obtain different oxidic materials (SiO, based) with tailored
properties, such as ceramics, fibers, films, etc. Moreover, some related compounds
containing the gem-diol group (silicon bioisosteres), have recently proven a biological role
as inhibitors of aspartyl and metalloproteases [9,16]. However, the number of works
dealing with the structural characterization of small gem-diol systems (such as the title
compound) is scarce, partly due to their chemical instability revealed by their accused
tendency to policondensation (which decreases with the increasing size of the alkyl side
chains) giving the corresponding siloxanes.

Few works can be found in the literature concerning the study of diethylsilanediol
(DESD). The first one dates from 1946 [145] where George et al. describe the synthesis of
DESD via the hydrolysis of dichloro(diethyl)silane. The crystal structure of the DESD
molecule was studied some years later (in 1953) by Kakudo et al. [146] The same year
George et al. reported, for a second time, the synthesis of DESD using several hydrolysis
methods. [147] The crystal structure was once again evaluated by X-ray diffraction by
Tomlins et al. in 1985. [121]

Although, as mentioned above, the synthesis and structural characterization (X-
ray) of DESD was accomplished before, the vibrational spectra of the species (which can
be of interest for the monitoring of the sol-gel reactions where it takes part) has not been
studied, neither theoretically nor experimentally. Thus, our principal target has been to
achieve a better description of the structural and spectroscopic properties of the silanediol
group in a relatively simple chemical environment (a relatively small alkyl gem-diol). DFT
calculations have allowed a complete structural and conformational analysis of the title
compound (ten molecular conformations represent minima in the PES of the molecule).
The subsequent study of the electronic structure of all the conformers, by means of NBO
population analysis, has provided a better insight on their stability order and molecular
features on the basis of the anomeric effect. Besides, with the support of quantum
chemical calculations, the firstly recorded IR and Raman spectra of the species have been
thoroughly analyzed and completely assigned. Finally, the most interesting features of the

molecular structure and vibrational spectra of the species and two other structurally related
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silanediols, i.e. dimethylsilanediol (DMSD), and ethylmethylsilanediol (EMSD), are jointly

reported in order to perform a comparative analysis.

M1c2  EXPERIMENTAL DETAILS

DESD was prepared in 74% yield from commercial dichloro(diethyl)silane using
the procedure reported by Cella et al. [106]. This is a modified procedure of the previously
reported Takiguchi's procedure [143] which allows the obtaining of silanediol more stable
to storage for months in freezer without deterioration than using Takiguchi's. This aspect is
noteworthy due to the high propensity of the silanediols to undergo self-condensation
depending on the synthetical conditions. *H NMR (400 MHz, DMSO-ds, 25°C) &(ppm):
5.63 (s, 2H, OH); 0.87 (t, J=7.9Hz, 6H, 2CHs); 0.37 (q, J= 8.0Hz, 4H, 2CH,); *C NMR
(100MHz, DMSO-ds) 8(ppm): 6.76 (2CHs); 6.54 (2CH,).

M.1.c22 Vibrational Spectra

IR spectra of the samples in solid phase were recorded in two different ways, i.e.
using KBr pellets and thin films. For the preparation of the thin film, 20 uL of a solution of
diethylsilanediol in acetone (0.05M) were deposited in a Csl disk. Afterwards, the solvent
was evaporated under anhydrous conditions. IR spectra of the thin film were recorded in
the 400-4000 cm range using a FT-IR Jasco 4100 spectrophotometer, equipped with a
Globar source and DTGS detector. IR spectra of the sample in KBr pellet was recorded in
300-4000 cm range using a FT-IR Bruker Vector 22 spectrophotometer, equipped with a
Globar source and a DTGS detector. Both spectra were obtained with a resolution of 1cm-
1 and after 100 scans.

The Raman spectra of the pure solid were recorded with a Bruker RF100/S FT-
Raman spectrometer, equipped with a Nd:YAG laser (excitation line 1064 nm) and a
cooled Ge detector at liquid nitrogen temperature. The spectra were obtained with a

resolution of 1 cm-t and 100 scans.
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M1c3  THEORY

DFT calculations were performed using the Gaussian 03 suite of programs [107].
Geometry optimizations and frequency calculations for the different conformers of DESD
were carried out using the Becke’s three-parametric hybrid exchange functional [108]
combined with the Lee-Yang-Parr correlation functional (B3LYP) [109] in conjunction with
the 6-31G* [111], 6-311++G** [112], and aug-cc-pVTZ [114] basis sets. Geometry
optimizations convergence criteria were tighten using the keywords opt=VTight,
SCF=Tight and Int=Ultrafine, which minimize the threshold of the RMS value during the
optimization process. The theoretical vibrational spectra of each stationary point obtained
were calculated at the same level of theory in order to characterize them as real minima
on the PES of the molecule.

The force fields obtained in Cartesian coordinates at the B3LYP/ aug-cc-pVTZ
level were transformed into a set of natural internal coordinates [93] in order to obtain a
more comprehensive description of the PEDM (Potential Energy Distribution Matrix). The
force field transformation into natural valence coordinates and normal-mode analyses
were performed using the MOLVIB [117-118] program. The set of natural coordinates
defined for the normal modes analysis are shown in Table Ill.1.c.1 and Figure Ill.1.c.1.
Table Ill.1.c.1. Natural Coordinates as defined for DESD?

Number Description  Definition

1.2 vSi0 I,
3,4 vSiC 3,4
5,6 vOH Is,l6
7,8 vCC 17,8
9-18 vCH l9,r10,/11,l12,13,I14,/15 16,117, 18

19,20 65CH, 6-12{01,4+02,5+03,6-B1.4-B25-B3s6}

21,22 as 6-12{2 Q14- O25- 36}
2326 O M g asg)

25,26 6-12{2 B1,4-B25- B3}
27,28 pCH; 2-12{ Bo5- B3}

29,30 ScCH, 2612(51-y1)

31,32 sc CCSi T

3334 pCH, 0.5(B7.9-Bs,10t11,3-K2.4)

35,36 waCH, 0.5(B7.9+Ps,10-k1,3-K2.4)
37,38 twCH, 0.5(B7.9-Bs,10-k1,3tK24)
39,40 6SiOH pa, p2

41 scSi0,  26-2{5n+p}
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Table lll.1.c.1. Natural Coordinates as defined for DESD: (Continuation)

42 scCSiC p

43 pSi0, 0.5{01-02+03-04}

44 waSio, 0.5{01+62-03-04}

45 twSio, 0.5{01-02-03+04}

46,47 SiC 9YAr10+A211+A3 12+ A4 13+As 14+ A6 15+ A7,16+Ag 17+ Ag 18}
48,49 1Si0 3YDy 4+D25+ D36}

50,51 7CC YW1 10+ W2,11+ V3,10 W13+ W5 14+ Ve, 15+ P 7,16+ Vs 17+ Po,18}

alnternal coordinates used for the definition of natural coordinates: al,2,3,4,5,6=H13-C6-H14,H12-C6-H13,H14-
C6-H12,H18-C7-H19,H17-C7-H18,,H19-C7-H17;81,2,3,4,5,6,7,8,9,10=H12-C6-C4,H14-C6-C4,H13-C6-C4,H17-
C7-C5,H19-C7-C5,H18-C7-C5,C6-C4-H11,C6-C4-H10,C7-C5-H16,C7-C5-H15;x1,2,3,4=Si-C4-H11,Si-C4-
H10,Si-C5-H16,Si-C5-H15;01,2=H10-C4-H11,H15-C5-H16;y1,2=C4-C6-Si,C7-C5-Si;u1,2=H8-02-Si,H9-03-
Si;01,2,3,4=02-Si-C4,03-Si-C4,02-Si-C5,03-Si-C5;p=C4-Si-C5n=02-Si-03; A=H10-C4-Si-02,H11-C4-Si-
02,H10-C4-Si-03,H11-C4-Si-03,H10-C4-Si-C5,H11-C4-Si-C5,C6-C4-Si-C5,C6-C4-Si-02,C6-C4-Si-03,H15,C5-
Si-02,H16-C5-Si-02,H16-C5-Si-02,H15-C5-Si-03,H16-C5-Si-03,H15-C5-Si-03,H16-C5-Si-03,H15-C5-Si-
C4,H16-C5-Si-C4,C7-C5-Si-C4,C7-C5-Si-C4,C7-C5-Si-03;d1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18=H10-
C4-C6-H12,H10-C4-C6-H13,H10-C4-C6-H14, H11-C4-C6-H12,H11-C4-C6-H13,H11-C4-C6-H14,H12,C6-C4-
Si,H13-C5-C4-Si,H14-C6-C4-Si,H15-C5-C7-H17,H15-C5-C7-H18,H15-C5-C7-H19,H16-C5-C7-H17,H16-C5-C7-
H18,H16-C5-C7-H19,H17-C7-C5-Si,H18-C7-C5-Si,H19-C7-C5-Si;d1,2,3,4,5,6=H8-02-Si-03,H8-02-Si-C4,H8-
02-Si-C5,H9-03-Si-02,H9-03-Si-C4,H9-03-Si-C5

'
g
Figure lll.1.c.1. Angles used in the definition of natural coordinates.

Natural bond orbital NBO [119] calculations were accomplished using the NBO v3.1 [120]

as implemented in Gaussian 03.
M.1.c.34. RESULTS AND DISCUSSION
M.1.c.3.1. Theoretical conformational Analysis and molecular structure

Conformational search of DESD was carried out considering the most stable
orientation of both ethyl groups in the molecule according to their possible arrangements

(i.e. gauche (g+ or g-) and anti (a)) respect to the Si — O bonds, where the C — C —
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Si — 0 dihedral angle can adopt values of ca. +60°, -60° and 180°, respectively. Eclipsed
conformation of ethyl groups were discounted since they have much higher energy.

The relative orientation of the hydroxyl groups was also evaluated performing a
relaxed scan (B3LYP/ 6-31+G*) of the C — Si — O — H dihedral angle for each possible
arrangement of the ethyl groups. As was previously found for the related systems
dimethylsilanediol (DMSD) [148] and ethylmethylsilanediol (EMSD) [149], two different
orientations of the —OH groups have been observed in DESD. The most stable refers to
a gauche-gauche (gg) conformation where the OH groups are slanted from the 0SiO
plane by about 60°. The other one, which is (on average) 1.75 kcal/mol higher in energy
than the first one, correspond to a gauche-trans (gt) arrangement of the hydroxyl groups
being the dihedral angle H — O — O — H approximately 80°. Remarkably, this (gt)
arrangement of the Si(OH), resembles that obtained from the X-Ray analysis of the
crystalline structure of DESD. [121] Figure 1ll.1.c.2 shows a schematic representation of

the so-called (gg) and (gt) arrangement of hydroxyl groups in this sort of compounds.

K X
L

(at) (99)
Figure I1l.1.c.2. Schematic representation of the so-called (gt) and (gg) arrangement of hydroxyls groups in gem-
silanediol compounds.

All of these structures were characterized by means of the computation of their
vibrational spectra at the above mentioned level of theory. Consequently, ten different
molecular conformations were found to be real minima on the PES of DESD (no imaginary
vibrational frequencies were calculated for them). Molecular structures, atom numbering
and the main geometrical parameters obtained theoretically at the B3LYP/ aug-cc-pVTZ
level for the whole set of conformers of DESD are shown in Figure 1ll.1.c.3.

The theoretical values of the main geometrical parameters calculated (B3LYP/

aug-cc-pVTZ) for the set of conformers of DESD, along with those obtained at the same
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level of theory for conformers of DMSD and EMSD are shown in Table Ill.1.c.2. As can be
seen, geometries of all the (gg) conformers are rather similar. In general, Si — O bond
lengths are ca. 166.8 pm and the 0SiO angles are approximately 110.7° (on average). In
contrast, for (gt) conformers one of the Si — O bonds distances (denoted as SiO: in
Table l1l.1.c.2) is calculated ca. 1pm longer than the other (called SiOs). Moreover, for this
second set of conformers the 0SiO angles are fairly smaller in comparison to their

counterparts (gg).

Conformer I(gg) Conformer Il (gg) Conformer Il (gg) Conformer IV(gg)

1878,

y Conformer V(gg) Conformer Vi(gg) Conformer Vii(gt)
H)—u

187.7

1668

Conformer I1X(gt) Conformer X(gt)

B3LYP/ aug-cc-pVTZ

Figure I11.1.c.3. Molecular structure, atom numbering and point-group symmetries for the ten conformers of
diethylsilanediol, DESD.

Table lll.1.c.2. Main geometrical parameters calculated theoretically (B3LYP/ aug-cc-pVTZ) for
conformers of DMSD, EMSD and DESD.2
Conformers with (gg) arrangement of hydroxyls groups

DMSD EMSD DESD
Si02_Si0s ZOSi0[SiCs] SiCs Si02_Si0s Z0SiO[SiC4] SiCs Si02_SiOs Z0Si0 SiCs_SiCs
Cl 1667 1108 1868 [Cl 166716681108 1869 187.6(CI 1669 1102 1876
Cll 166816671109 1869 187.6/Cll 1668 16691106 187.6 187.7
Cll 166916681105 18681876(ClI 1668 1110 1877

CIV 166.8 166.91105 187.7 187.6
cv 166.8 110.8 187.7
CVI 166.8 166.9111.0 187.9187.9
Avg. 1667 1108 1868 |Avg. 1668  110.7 186.9186.7/Avg.  166.9 1107 187.6 187.7
Exp.c 163.8 163.6109.8 184.7 185.2
Conformers with (g3 arrangement of hydroxyls groups

Cl 16691659 106.8 186.5187.7|CI' 166.9166.11068 186.6 1885/CVIl 167.0166.4109.3 187.1188.6
CII' 167.0165.8106.0 186.7 188.4 [CVIll 167.1166.1106.1  187.5 1885
CIX 167.0166.0106.3 187.4 188.6
CX 166.9 166.6110.6 187.2 188.8
Avg. 166.9 165.9 106.8 186.5 187.7/Avg. 166.9 16591064 186.6 188.4/Avg. 167.0166.2108.1 187.3 188.6
aBond distances in pm. Bond angles in degrees. bAverage of the calculated values for conformers with gg
arrangement of hydroxyls groups. cExperimental data taken from ref. 121. dAverage of the calculated values for
conformers with gt arrangement of hydroxyls groups .
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The differences observed between calculated bond distances and the
experimental values can be explained considering: (i) packing effects in the solid state
structure, resulting on the shortening of the experimental bond distances comparing with
those computed, (ii) the intrinsic characteristics of X-Ray diffraction technique: X-Rays
interact primarily with electron clouds surrounding nuclei (bond distances are distances
between electron clouds) whereas computed bond distances are internuclear equilibrium
distances.

Thus, the (gt) arrangement of the hydroxyls groups induces important changes
in the molecular structures. For instance, focusing on DESD conformers, in conformer [V
both Si — O and both Si — C bond distances are almost the same, but for structurally
related conformer VIII Si — 02 bond length is sensibly larger than Si — O3 bond distance
and Si — Cs is larger than Si — Ca. This fact was also observed in DMSD and EMSD as
reported in Table l1l.1.c.2, where the averaged Si — O and Si — C bond distances of (gg)
and (gt) conformers of DMSD, EMSD and DESD are collected.

These mentioned disparities in the geometrical parameters were understood to
be a consequence of the electronic delocalization derived from the anomeric effect. NBO
analysis was carried out over the series of conformers in order to evaluate it.

In the NBO scheme, the electronic wavefunction is interpreted as a set of
occupied Lewis-type bielectronic orhitals, paired with a set of formally unoccupied non-
Lewis type orhitals.

The electronic interactions within these orbitals, the deviations from the Lewis
electronic structure (for instance, hyperconjugative interactions such as the anomeric
effect) and delocalization effects can be interpreted as charge transfers between the filled
Lewis orbitals (donors) and the theoretically empty non-Lewis orbitals (acceptors). The
magnitude of these delocalization effects can be determined from the analysis of the off-
diagonal elements in the Fock matrix in the NBO basis taking account of all possible
donor-acceptor interactions, and then calculating the strength of them all by second-order
perturbation theory.

As was stated previously for other alkylsilanediols [148-149], the stabilizing
anomeric effect in these molecules is favored when OH groups are oriented in gauche
arrangement. Considering a structural motif like a — 8 —y — &, where a is an
electronegative atom and & has at least one lone electron pair, the generalized anomeric

effect is explained as an electron donation from & to the o antibonding orbital of the
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B — v bond, causing the shortening of the y — & bond length and the elongation of the
adjacent 8 — y bond.

Table 111.1.c.3 shows the NBO electronic populations in the lone pair (LP) orbitals
of the oxygen atoms and in the bonding (o) and antibonding (¢ *) orbitals of the Si — O
and Si — C bonds. According with the NBO theory, increasing populations of the ¢*
orbitals are related with the lengthening of the bond distances. Hence, the differences in
the electronic populations in the antibonding orbitals o*s;_¢, and o*s;_¢,, and o*si_c,

and o*s; ¢, reported in Table 1ll.1.c.3, can explain the occurrence of two different Si0

and SiC bond lengths in the so-called (gt) conformers, i.e. VI, VIII, IX and X (Table
[1l.1.c.1), contrasting the remaining conformers, (gg).

Table 11l.1.c.3. B3LYP/ aug-cc-pVTZ NBO electronic populations (in a.u.) of the lone pair (LP)
orbitals of the oxygen atoms and the o and o* orbitals of the SiO and SiC bonds in DESD.
Electronic population (a.u)

Orbital Cl cll Clil CIv cv cvi cvil CVvill CIX CX
gSi0, 198457 198576 198582 198562 198461 198574 198554 198550 1.98566 1.98551
oSi0; 198457 198576 198582 198577 198468 198600 198610 198618 1.98620 1.98623
oSiCa 195766 195862 195857 195820 195776 195884 195829 195869 1.95853 1.95833
gSiCs 195766 195818 195857 195848 19576 195851 195963 195978 1.95939 1.95968
LP(1)0; 197007 196988 197004 196955 197064 197085 197244 197105 197018 1.97257
LP(1)0s 197007 196974 197004 197012 197064 197031 196814 196927 1.96914 1.96842
LP(0, 193727 193624 193580 193611 193668 193536 193481 194004 1.93769 1.93354
LP(0s 193727 193611 193580 193629 193668 193579 193860 193778 1.93769 1.93788
¢’Si0;  0.07868 0.07325 0.07379 0.07233 0.07609 0.06924 0.06856 0.06654 0.06795 0.06693
¢’Si0;  0.07868 0.07648 0.07379 0.07726 0.07609 0.07767 0.07076 0.06303 0.05744 0.07727
o"SiCa 006216 0.05896 0.06153 0.06362 0.06423 0.06114 0.05827 0.06635 0.06451 0.05372
6" SiCs  0.06216 0.06338 0.06153 0.06009 0.06423 0.06273 0.07150 0.07085 0.07411 0.07066

This difference is due to the fact that the negative hyperconjugation of the
electrons in the lone pair orbitals of the oxygen atoms is favored when both OH groups
are disposed in a (gg) conformation. In this case, the electronic transfer takes place
simultaneously from both oxygen atoms, being the population of the antibonding orbitals
0"si—0, aNd 0" 5;_¢, comparable with the population of the antibonding orbitals o*s;_o,
and o”g;_c,, respectively.

Additionally, when the hydroxyls groups are in (gt) disposition, the mentioned
electronic transfer from such groups in trans arrangement is much weaker. Obviously, this
fact has an impact in the observed values of the geometrical parameters of the ten
conformers into study. AEST) values of the charge transfer taking place from the lone

pairs of one of the oxygen atoms to the corresponding antibonding SiC and SiO orbitals

of each conformer of DESD are shown in Table Ill.1.c.4.
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As shown, the total contribution to the generalized anomeric effect

(NAE2)

LP(l,Z)O,U*SiX) is much higher in conformers where both hydroxyl groups are
arranged in (gg) form. The stabilization energy takes, in this set of conformers, an average
value of 40.64 kcal/ mol. These results suggest that the (gg) conformers are strongly
favored and also are consistent with the predicted order of stabilities in the gas phase
(S>> IVSVSVISVISVIISIX>X at B3LYP/ aug-ce-pVTZ level) as is discussed below.

Table 1ll.1.c.4. Magnitude (in kcal-moll) of the interaction energies between the two lone pairs
orbitals of the oxygen atoms and the ¢ and o* orbitals of the SiC and SiO bonds in DESD
calculated at the B3LYP/ aug-cc-pVTZ level.

AE®@q (kcal molt)

interaction Cl Cll Clil Clv Ccv Cvi _Cvii__Cvil  CIX CcX

LP(1) 0>—>c* Si0s 131 126 092 110 115 086 220 244

LP(1) Os—>c* SiO; 131 09% 092 134 115 108 269 265 204 1.80

LP(1) O2—>c* SiC4 193 191 218 218 216 228 111 1.60

LP(1) Os—>c* SiC4 299 300 302 304 307 311 29 274 298 324

LP(1) O>—>c* SiCs 299 301 302 301 307 297 349 336 339 327

LP(1) Os—>c* SiCs 193 221 218 192 216 212 090 074 105 145

LP(2) 0>—>c* Si03 884 906 976 940 929 995 981 495 410 1092

LP(2) Os—>c* SiO2 884 957 976 878 929 929 584 497 204 7172

LP(2) O>—c* SiCs 534 500 431 484 476 408 427 761 768 283
LP(2) Os—>c* SiCs - - - - - - 072 101

LP(2) 0:—>c* SiCs 095 144 056

LP(2) O3—>c* SiCs 534 463 431 518 476 462 716 758 685 6.01

> 4082 4061 40.38 40.79 40.86 4036 38.95 3876 3401 39.40

Moreover, the magnitude of this electronic transfer was also evaluated for the
different conformers of DMSD and EMSD, which also confirmed the lower stability of (gt)
conformers in terms of the generalized anormeric effect which, in the case of DESD, takes
an average value of 37.78 kcal/ mol. Table Ill.1.c.5 summarize the numerical values of
calculated AG, AG* and AE, (see footnote on Table I1l.1.c.5 for definition) obtained with
the different basis sets used in this work.

As shown, the increasing size of the basis set produce a decrease in the
difference between the energy values calculated for the set of conformers. However, their
stability order is hardly affected by the size of the basis set used, as shown in Figure
l.1.c.4.
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Table lll.1.c.5. Relative Gibbs free energies (G and G*)2 and E," Energies of the ten conformers of
DESD calculated at the B3LYP level in conjunction with the different basis sets employed. Energy

values in kcal-mol,

AG (kcal mol) AG™ (keal mol) AE|, (kcal mol?)

6- 6- aug-cc- 6- 6- aug-cc- 6- 6- aug-cc-

31G*  31++G*™  pVIZ 31G*  31++G*  pVTZ 31G*  31HG*  pVviZ
| 0.19 0.42 0.31 1.14 1.19 1.19 0.00 0.00 0.00
Il 0.00 0.14 0.00 0.00 0.00 0.00 0.15 0.10 0.07
Il 054 0.61 0.00 0.48 0.43 0.00 0.22 0.10 0.07
IV 001 0.21 0.07 0.08 0.05 0.07 0.21 0.16 0.14
% V068 0.79 0.59 0.69 0.55 0.56 0.38 0.23 0.18
R VI 058 0.81 0.62 0.75 0.64 0.66 0.91 0.79 0.76
VI 0.94 0.00 0.25 1.93 1.60 132 1.49 1.00 0.84
VIl 0.72 0.85 0.59 1.78 1.39 121 1.36 1.05 0.95
IX 1.03 1.03 0.64 2.10 1.76 154 1.66 1.33 0.12
X 149 1.43 1.09 251 2.10 1.89 211 1.78 1.58

24G* stands for the Gibbs free energy values obtained when the entropic corrections to the low frequency modes
of vibrations are subtracted from the Gibbs free energies calculated. °E, = E, + ZPE.

1,60

1,40 <

1,20

1,00

-+-6-31+G*
——6-311++G**
—e—aug-ccpVTZ

0,80

AEg(kcal/ mol)

0,60

0,40

0,20 o _

P Y

+

X X v v vl \Y v I |

Figure lll.1.c.4. AE, values calculated for conformers of DESD with the B3LYP functional in conjunction with the
6-31+G*, 6-311++G** and aug-cc-pVTZ basis sets. Effect of the increasing basis set size.

0,00

The relative populations of all the conformers in the gas phase (at room
temperature) were calculated theoretically (B3LYP/ aug-cc-pVTZ) from the AE, values,
using the Boltzmann distribution equation.

Figure lll.1.c.5 shows that conformers II, IV, VI and VIl have the highest
theoretical population in gas phase (14.6%, 14.2%, 11.0% and 10.7%, respectively, at the
B3LYP/ aug-cc-pVTZ level). The remaining conformers are calculated to be in lower

proportion.
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B B3LYP/aug-cc-pVTZ

Boltzmann Populations (%)

I [} L} [\ v vi Vil Vil IX X
Figure lll.1.c.5. Boltzmann's population calculated at the B3LYP/ aug-cc-pVTZ level of theory for the ten
conformers of DESD.

M.1.c32 Vibrational Stuay

The IR spectra of the solid phase (KBr pellet and thin film) and the Raman
spectrum of the pure solid DESD are shown in Figure 1ll.1.c.6. The observed vibrational
bands along with their relative intensities are listed in Table Ill.1.c.6 along with their

proposed assignments to the normal modes of the main conformers of DESD.
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Figure ll.1.c.6. Experimental IR spectra of the sample in KBr pellet (a) and the thin film (b) and the Raman
spectrum of the solid phase (c) for DESD.
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Figure lll.1.c.7 shows a comparison between the theoretical spectra profile
(B3LYP/ aug-cc-pVTZ) obtained with the averaged theoretical IR intensities calculated for
all the different conformers of DESD (weighted according to their respective Boltzmann
populations) and the spectral profile obtained in the same way but considering only the
four conformations of lower energy. As can be seen, few differences are found when
comparing both theoretical profiles. Thus, the vibrational assignment were carried out
using conformers Il, IV, VI and VIl as a reference since they represent the 50.5% (B3LYP/
aug-cc-pVTZ) of the total sample composition in gas phase.
1.0 S (a)
0.8 -
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|

0.2 4

0.0 1
4000350030001500 1250 1000 750 500 250

1.0
1 (b)
0.8

Theoretical IR intensity
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0.2+

0.0
4000350030001500 1250 1000 750 500 250

wavenumbers/ cm™
Figure Ill.1.c.7. Comparison between the theoretical IR spectrum (B3LYP/ aug-cc-pVTZ) calculated considering
the weighted contributions of all conformers (a) and those obtained taking into account the weighted contributions
of the four main conformers (b).

High frequency region (3300-1200 cr?)
The theoretical values of the normal modes falling in the 3200-1200 cm'! region
reasonably reproduce the experimental profile. However, the theoretical frequencies are

deviated from the experimental values as a result of the overestimation caused by the use

of the harmonic approximation in the theoretical model.
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Table 1ll.1.c.6. Experimentally observed bands (with relative intensities) and theoretical frequencies
(in cmY) calculated at the B3LYP/ aug-cc-pVTZ level for conformers of DESD and the proposed
assignments.

Experiment? Theory
IR Raman B3LYP/ aug-cc-pVTZ Assignment°c
KBr pellet Thin film Solid Cll Civ.__ cvi _cvi
3874 3873 3873 3891 JOH
3872 3871 3871 3880
3195 vs, br 3180 vs, br VOH network
2966 vs 2966 vs 2967 vs 3092 3090 3097 3088
2955 vs 2956 vs 2958 m 3090 3084 3087 3084

3074 3076 3079 3076 ¥ Chs
3069 3070 3076 3074
3046 3041 3040 3049

2911 vs 2911s 29125 VA5 CHy
3039 3045 3035 3030
3024 3023 3028 3024

2892 vs 2892 28935 V¥ CHs
3020 3020 3025 3022

3015 3015 3009 3020

2937 vs 2938 vs 2938 m

2876 vs 2876's 2877s v’ CHz
3008 3012 3003 2998
2804 sh, w 2809 w 2806 vw Overtone(2x1414)
2736 vw 2734 vw 2735w Overtone(2x1374)
2678 vw 2681 vw Combination(1453+1248)
1510 1510 1512 1510
1470 m 1469 w 1471 m 6™ CHs

1508 1508 1508 1507

1504 1504 1505 1505
1453 m 1453 w 1454 m 5™ CHs
1504 1504 1500 1503

1455 1455 1457 1456
1414 m 1414 m 1416 m s¢ CH,
1452 1454 1450 1453

1416 1418 1421 1416
1374w 1373w 1375 vw 6% CHs
1414 1413 1414 1415

1248m 1248 sh, m L249vw 1263 1262 1284 1280
1240m 1240m 12716 1276 1278 1275
1270 1269 1270 1267
1229w 1229w 1234w tw CHa + p CHs
1266 1262 1262 1262
u2m 172 mpr Olgomers
1050 m 1051 m
1017 s 1017 m 1018w 1033 1033 1039 1081 vCC+ pCHs
10125 1012m 1025 1025 1026 1029 vCC+pCHs
978sh, m 978 sh, m 973w 992 989 999 986  twCH.+ vCC
970m 9%69m 92w 984 985 985 985 vCC+pCHs* WCH;
947 sh,m 948 sh, w 977 976 983 974  pCHa+ vCC+WCH,
9%2m 942 m 968 968 963 967  pCHa+twCH;
908 m 908 w v Si0 blueshifted
879vs 878vs 874vw 879 879 881 891 _ vSiO+ 5SIOH
855 vs 857 vs 850vw 874 874 869 877 . .
839 sh, vs 840 sh, w 853 855 858 820 Oo0H T VSO
7455 7455 743vw_ 790 788 788 788 vSiO + 5SIOH
720 sh, m 722sh, m 711 716 714 711 pCHz+ vSIC
698 m 697vw 699 696 702 708 pCH,
660 W 661w 676 671 656 670  pCHo+ vSIC
607w 608vs 598 508 500 586 vSIC
404 410 wa CSiC+ sc CCSi
387m B|Lw 307 375 scCCSi+waCSiC
357m 36w 362 369 350 362 5c0SIO+ 750
346sh,w 333 Wa CSIC + pSiC
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Table Illl.1.c.6. Experimentally observed bands (with relative intensities) and
theoretical frequencies (in cm) calculated at the B3LYP/ aug-cc-pVTZ level for
conformers of DESD and the proposed assignments. (Continuation)

333m 331vw 325 p SiCz2 + wa CSiC
314 wa CSiC+scCCSi
288 286 287 288  1CC +scCSiC (p SiCy)
279 tw SiCa+scCSiC+scCCSi
243 7Si0
257 vw 254 260 251 7CC +tw SiCy
230 231 230 ) )
230 vw Si0 +sc OSi0
231 234
192 190 192 203 7CC +scCCSi + wa CSiC
scCCSi+7Si0

178 179 164 174  scCCSi+scCSiC+ p SiCz
168 vw 157 1561 156 159  scCCSi+ pSiCs + twSiC,
138 148  scCSiC+p SiCao+scCCSi
123 twSiO; + scCSiC
105 vw 115 117 sc CSiC (sc CCSi)
84 7Si0 + sc0Si0
71 73 7SiC+1SiO + scOSiO

61 60
54 55 50 7SiC
36
aAbrevations: vs= very strong, s= strong, m=medium, w=weak, vw=very weak, sh= shoulder, br= broad. ®Only
shown contributions higher than 15%. ¢Symbols used: v= stretching, &= deformation, o= rocking, z= torsion, sc=
scissoring, tw= twisting, wa= wagging. Superscripts “s” and “as” denote symmetric and asymmetric motions. ¢See
text for explanation.

The IR spectrum of DESD shows a very strong and broad band centered at
3195 cm which can be attributed to the stretching of the hydrogen bonded OH groups.

Bands falling in the region between 2970 and 2870 correspond to the CH
stretching modes of vibration of both methyl and methylene groups, which have been
assigned accordingly to its theoretical values (see Table I1.1.c.6).

Similarly, the experimental bands observed in the 1470-1220 c¢cm region have
been assigned to the methyl and methylene deformations normal modes according to their

theoretical values as reported in Table I1l.1.c.6.

Region between 1200-600 cr?

As expected, the above mentioned experimental-theoretical deviations derived
from harmonic character of the theoretically calculated wavenumbers are lower in this
region. Nevertheless, the unambiguous assignment of this spectral region is not
straightforward, mostly due to the shifting of some characteristic vibrational modes of the
silanediol group (mainly Si — O and O — H stretching and —Si — O — H bending
modes) caused by the formation of the hydrogen bonded network that characterizes the
crystalline structure of DESD [121]. In fact, the modeling of hydrogen bonded oligomers of

silanols and the analysis of their theoretical vibrational spectra, may help the vibrational
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assignment of this region. Previous results [100,139,148,149] suggest that hydrogen
bonding promotes the blue-shifting of the Si — O stretching and Si — O — H bending
normal modes and the red-shifting of the O-H stretching mode.

As can be seen in Figure Ill.1.c.8, the IR spectral profiles of the three
alkylsilanediols studied (i.e. DMSD, EMSD and DESD) are very similar, especially in the
1200-1000 cm-! region. Remarkably, the two broad bands observed (that are not predicted
by the theoretical calculations in gas-phase for the respective monomers) can be
explained due to the occurrence of hydrogen bonded oligomers.

IR spectrum of DESD shows a medium intensity band along with a broad band
centered at 1172 and 1051 cm?, respectively. As mentioned above, two similar bands
were also found in the IR spectra of DMSD (1176 and 1065 cm?) and EMSD (1185 and

1060 cm1).
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Figure ll1.1.c.8. Comparison of the experimental IR spectral profile of DMSD (a), EMSD (b), and DESD(c).

The presence of these bands can be attributed to the —Si—0 —H

deformation mode of vibration of hydrogen bonded oligomers of different size, as was
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stated in [148] and [149] for the previously studied analogues. This statement is also
supported by previous works which study the vibrational spectra of cyclic oligomers of the
silanol molecule. [100,139]

The bands appearing between 1020 and 940 cm? have been assigned to the C — C
stretching, CH5 rocking and CH, twisting normal modes, according to its theoretical
values, as reported in Table l1l.1.c.6.

The very strong band observed at 879 cm has been assigned to the Si — O
stretching mode. Considering that the strengthening of the Si — O bond due to the
formation of hydrogen bonds produces a blue-shift of this mode of ca. 20-40 cm?!
[100,102,139], the medium intensity band centered at 908 cm has been attributed to the
displacement of this Si — O stretching mode.

The experimental bands assigned to the Si — O stretching mode of the three
simple alkylsilanediols are reported in Table I1l.1.c.7.

Table Ill.1.c.7. Comparison between the experimental and theoretical (B3LYP/ aug-cc-pVTZ)
frequency values of the Si — O stretching mode obtained for DMSD (dimethylsilanediol), EMSD
(ethylmethylsilanediol) and DESD (diethylsilanediol).

Frequency (cm2)
DMSD EMSD DESD
v Sio Experiment 904 892 879

Theoryab 912 885 879
v SiO0 blueshifted Experiment 949 922 908
Theory 945¢ -

aTheoretical values calculated at the B3LYP/ aug-cc-pVTZ. bTheoretical values reported correspond to those of
the most stable molecular conformations of each system. ¢Value obtained for the most stable theoretical dimer of
DMSD.

In view of both, theoretical and experimental results, it could be said that the
Si — O stretching mode is affected by the alkyl substitution at the silicon center. Thus, for
DMSD [148], we observed that the stretching of the Si — O bond appeared at 904 cm1
(912 cm'1, B3LYP/ aug-cc-pVTZ) and, hence, its blueshifted counterpart was assigned to a
band, also of medium intensity, observed at 949 cm? (whose theoretical value was
calculated at 945 cm for the most stable dimer of the molecule in gas-phase). The
fundamental Si — O stretching mode of EMSD [149] was assigned to the band centered
at 892 cm (885 cm'1, B3LYP/ aug-cc-pVTZ), and the blueshifted Si — O stretching was
assigned to the band observed at 922 ¢cmL. As mentioned above, in the case of DESD,
the Si — O stretching mode has been assigned to the experimental band centered at 879

cm® (879 cml, B3LYPlaug-cc-pVTZ) and, consequently, the blueshifted Si— O
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stretching mode has been assigned to the band appearing at 908 cm-L. In conclusion, the
Si — O stretching mode wavenumber is displaced towards lower frequencies when the
size of the alkyl chain increases, observation confirmed by theoretical calculations. Finally,
the magnitude of the blue-shifting due to hydrogen bonding in the Si — O mode (ca. 30
cm-1) remains similar in the three derivatives.

The bands appearing in the 880 to 745 cm-1 region have been assigned to the —
Si — 0 — H deformation normal mode (mixed with the Si — O stretching) of DESD
according to its theoretical values.

Finally, the experimental bands observed between 740 and 650 cm have been
assigned to the methylene rocking (mixed with the Si — C stretching) according to their
calculated values. The SiC stretching normal mode appears as a very strong band in the

Raman spectrum of the sample centered at 608 cm2.

Low frequency region

The spectral region below 600 cm* has been assigned to the skeletal vibrational
modes of the molecule, according to their calculated values. As can be seen in Table
lll.1.c.5, considering the presence of different molecular conformations of DESD allowed

the tentative assignment of the bands in this region.
/M1c4.  CONCLUSIONS

1. Ten different molecular conformations represent minima on the PES of DESD,
which differ in the anti or gauche (g+ or g-) orientation of both ethyl groups
respect to the Si — O bonds, and depending on the (gg) or (gt) arrangement of
the hydroxyls groups. This conformational diversity derived from the rotation of
the Si — C and Si — O bonds of the molecule support the results previously
obtained for the analogues DMSD and EMSD.

2. NBO calculations have allowed explaining the predicted order of stabilities in gas
phase of the set of conformers into study on the basis of the generalized
anomeric effect, being conformers with gg arrangement of hydroxyls groups
strongly favored since the stabilization energy due to the anomeric effect is twice
in such system. These results are also supported by those of the previously

studied alkylsilanediols.
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3.

IR and Raman spectra of DESD have been recorded and completely assigned
with the support of the theoretical spectra calculated at the B3LYP/ aug-cc-pVTZ
level. The low frequency region assignment may evidence the conformational
mixture in the samples.

The SiO stretching normal mode is affected by the alkyl substitution on silicon
center, which is shifted to lower wavenumber as the size of the alkyl substituents
is increased. This effect can be seen when the experimental and theoretical
values of the Si — O stretching mode of DESD and those of DMSD and EMSD
([148] and [149]), are compared among them.

The results of the vibrational assignment as well as the homogenous
interpretation of the experimental features observed in the IR and Raman
spectra of DESD, DMSD and EMSD accomplished in the present work, can
result of interest in the spectroscopic monitoring of sol-gel processes of
organosilicon compounds, in which alkylsilanediols are known to be reaction

intermediates.
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Capitulo Ill: Resultados

BLOQUE 2: Andlisis conformacional tedrico y estudio de la estructura molecular y
electrdnica de peptidomiméticos silanodidlicos sencillos

En este bloque se recogen los resultados obtenidos en el estudio de tres
compuestos modelo de peptidomiméticos sencillos: N-[dihidroxi(metil) silil] metilformamida
(DHSF) 3-[dihidroxi(metil)sililjpropanamida (DHSP), y 3-(dihidroxisilanodiil) dipropanamida
(DHSDP), para los cuales se ha llevado a cabo el estudio teérico de su estructura
molecular y electrénica, lo cual puede ayudar a mejorar el conocimiento acerca de la
quimica del grupo silanodiol en entornos biolégicos simples. Estos resultados pueden ser
Utiles en el posterior estudio de sistemas substrato-metal (de este tipo de compuestos)
proporcionando, asf, un mejor conocimiento de los mecanismos de interaccion de los

mismos con cationes metalicos.

La metodologia seguida en el andlisis conformacional de estas especies difiere
de la empleada en el estudio de los alquilsilanodioles. La presencia, en las cadenas
laterales de los compuestos modelo de peptidomiméticos silanodidlicos, de grupos
funcionales que pueden actuar potencialmente como donores y aceptores de enlace de
hidrégeno, determind que su andlisis conformacional se llevara a cabo de forma que
todas las posibles interacciones entre estos grupos funcionales y el grupo silanodiol se
tuviesen en cuenta. Asi, se realizé un scan relajado tridimensional (B3LYP/6-31+G*) de

los &ngulos diedros més relevantes en este sentido para cada especie.

La busqueda conformacional de los sistemas DHSF, DHSP y DHSDP, se llevd a
cabo realizando un scan relajado de los angulos diedros Ciy — N;3 —C, — Si Y
Nig—C,—Si—C5,C,—C5—C¢—NYySi—Cy,—C5—Cg,yC,—Si—C5—C;
y Cs — Si — C, — C¢ a nivel B3LYP/6-31+G*, respectivamente, obteniéndose asi la
superficie de energia potencial de los sistemas en funcion de las posiciones adoptadas
por las cadenas laterales. Las estructuras de menor energia fueron aisladas de las
correspondientes superficies de energia potencial, y optimizadas al mismo nivel. El
célculo de los espectros vibracionales armdnicos confirmé como minimos reales a seis,
siete y catorce conformaciones moleculares para las especies DHSF, DHSP y DHSDP,
respectivamente. Estas conformaciones moleculares se caracterizan por el

establecimiento de enlaces de hidrdgeno intramoleculares en los que participan los
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grupos hidroxilo y aminocarbonil de las cadenas laterales, lo que resulta en la aparicidn
de estructuras quasi-ciclicas.

Las energias relativas calculadas para el conjunto de conférmeros (AE,)
mediante métodos ab initio (MP2) y DFT (B3LYP y MO6L) junto con los conjuntos de base
cc-pVDZ, cc-pVTZ y aug-cc-pVTZ (estas dos Ultimas sélo en los calculos DFT) fueron
comparables y mostraron la misma tendencia en el caso de DHSF. En el caso de DHSP,
se encontraron algunas discrepancias sutiles en el orden de estabilidad, segin el método
empleado. Este es el caso de, por ejemplo, el denominado conférmero Il de la especie,
que es el minimo global segiin MO6L (con todos los conjuntos de base), y es la segunda
estructura mas estable para B3LYP. Esta discrepancia en los métodos considerados
puede radicar en la naturaleza quimica del sistema considerado (dos enlaces de
hidrégeno intramoleculares donde un atomo de oxigeno acta como doble donor de
carga) y en la forma en que cada método computa las interacciones no covalentes. En
este sentido, se sabe que MO6L ofrece los mejores resultados en el calculo de geometrias
y termoquimica de sistemas donde tienen lugar interacciones de tipo no covalente
[156,157]. Para DHSDP, sin embargo, la tendencia en las energias relativas de los
conférmeros diferia segun el método de célculo, aunque MO6L proporcionaba resultados
mas proximos a MP2.

Por otro lado, puesto que los sistemas en los que aparecen enlaces de
hidrogeno estan gobernados no sélo por la dominante componente electrostatica, sino
también por interacciones de dispersion, generalmente son descritos vagamente por
muchos de los funcionales DFT, que fallan en la descripcién correcta de interacciones
donde los efectos de dispersion tienen un mayor peso. De hecho, los funcionales
semilocales y locales no describen adecuadamente las interacciones de van der Waals de
largo alcance (perdiendo, por tanto, el correcto comportamiento atractivo 1/R°®) de forma
que la interaccién se describe solamente mediante términos cuolombianos. Asi, el
programa DFT-D3 de Grimme et al. [158] se emple6 para corregir las energias calculadas
B3LYP/ cc-pVDZ de los sistemas estudiados. El funcional MO6L ya implementa un
tratamiento para computar, en cierta medida, interacciones de tipo no covalente por lo
que, en este caso, se descartd la correccion de la dispersion de las energias E,
calculadas con este método, puesto que sin incluir la correccién de Grimme et al.
proporcionaba resultados bastante préximos a los obtenidos empleando el método MP2,

que hemos usado como referencia.
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Aunque los valores de energia calculados por B3LYP eran comparables con los
resultados MP2, la inclusion de la dispersion en las energias B3LYP/ cc-pVDZ las corrigié
proporcionando valores mas proximos a MP2,

Al igual que para la serie de alquilsilanodioles, las energias relativas calculadas
con los diferentes métodos de calculo disminuyen también con el aumento del tamafio de
la base empleada.

Las estructuras de menor energia de los tres sistemas estudiados son aquellas
que, al menos, presentan un enlace de hidrégeno intramolecular. Se piensa que la posible
actividad biolégica de este tipo de compuestos, comparada con la ausencia de actividad
de sus andlogos alquilsilanodioles, podria estar (en parte) determinada por el
establecimiento de enlaces de hidrégeno intramoleculares, lo que impediria que la
reaccion caracteristica de los silanodioles (autocondensacién) tuviera lugar. Dada la
importancia de este tipo de interaccion en la estabilizacion de las mencionadas especies,
la fortaleza del enlace de hidrogeno se cuantificd haciendo uso de tres metodologias
distintas: NBO, AIM y la ecuacion empirica de Rozenberg. La energia de los enlaces de
hidrégeno, calculada usando estas tres metodologias, rindid valores dentro del rango
esperado para enlaces de hidrogeno intramoleculares. Ademas, los valores de energia

calculados por cada metodologia fueron comparables. De hecho, existe un alto grado de

correlacién entre los valores de energia de transferencia de carga (X AE(S?
determinados por NBO), los valores de la Laplaciana en los puntos criticos de enlace
(V2p(r), determinados por AIM) y la entalpia calculada mediante la ecuacion de
Rozenberg para cada enlace de hidrogeno de los conférmeros de los mencionados
sistemas.

Otros efectos estabilizantes en estos compuestos se derivan de interacciones
hiperconjugativas. Para cuantificar la magnitud de las mismas, se implementd también la
metodologia NBO, de manera que se pudiesen justificar las diferencias en los parametros
geométricos calculados, las energias relativas y los drdenes de estabilidad de los tres
conjuntos de conférmeros en fase gas.

Como contribucion final en este estudio, se evaluo la influencia del medio sobre
la estabilidad y la geometria de los conférmeros de las especies estudiadas. Asi, se
llevaron a cabo sus correspondientes optimizaciones geométricas en disolucién acuosa,

bajo la aproximacion PCM. Las energias de solvatacion calculadas (AE3°!, B3LYP/ aug-
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cpVTZ) pusieron de manifiesto que aquellas estructuras favorecidas por el denominado
efecto anomérico de anillo en fase gas (preferencia de los sustituyentes anoméricos, es
decir, grupos funcionales con pares electronicos sin compartir en posicién a con respecto
al heteroatomo endociclico, a adoptar disposicion axial en lugar de ecuatorial) eran menos
estables en disolucién acuosa, donde predominaban las estructuras con mayor nimero
de sustituyentes en posiciones ecuatoriales respecto del plano formado por el anillo. Esta
observacion esta de acuerdo con la explicacion electrostatica del efecto anomérico de
anillo, segun la cual los disolventes polares atentian las interacciones dipolo-dipolo en el
centro anomérico, lo que repercute en una mayor contribucion de los conférmeros

ecuatoriales en disolucién.

La metodologia empleada para este estudio y los resultados que han sido
expuestos someramente en este resumen, quedan detallados en el articulo cientifico
“Stabilizing factors of the molecular structure in silicon-based peptidomimetics in gas-
phase and water solution. Assessment of the correlation between different descriptors of
hydrogen bond strength” que ha sido aceptado en la revista Journal of Molecular Modeling
(in press), cuya version previa a la impresion y ligeramente modificada, para dar cabida a

informacion adicional, queda recogida en las siguientes secciones (2.a y 2.b).
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Stabilizing factors of the molecular structure in silicon-based peptidomimetics in
gas-phase and water solution. Assessment of the correlation between diifferent
descriptors of hydrogen bond strength
Maria Pilar Gema Rodriguez Ortega, Manuel Montejo, Juan Jesus Lopez Gonzélez

Journal of Molecular Modeling

ABSTRACT

The use of DFT (B3LYP and M0O6L) and ab initio (MP2) computational methods
allowed us performing a thorough conformational study of N-[dihydroxy
(methyl)silylimethylformamide (DHSF) and 3-[dihydroxy (methyl) silyl] propanamide
(DHSP), that could be considered simplified models of the environment of the silanediol
group in silicon gem-diols that have proven efficiency as protease inhibitors.

We have found a total of 13 molecular conformations that represent minima in
the potential energy surfaces of DHSF (6 conformers) and DHSP (7 conformers). The key
feature in their molecular structure is the occurrence of intramolecular hydrogen bonding
between the hydroxyl and aminocarbonyl groups. We have estimated the strength of each
individual hydrogen bond in the mentioned species using the descriptors proposed by
three different methodologies, i.e., the quantum theory of atoms in molecules (QTAIM), the
natural bond orbitals population analysis (NBO), and the so-called empirical Rozenberg's
enthalpy-distance relationship. We have found a good correlation among the calculated
values for the different descriptors within the whole set of conformers in the molecular
systems into study. We have also discussed the predicted order of stabilities of the
different conformers of each species in terms of the so-called ring anomeric effect (RAE)
and generalized anomeric effect (GAE). Finally, we also analyzed the discrepancies found
in the order of stability when going from the isolated molecule approximation to water
solution (PCM).

Keywords: Gem-silanediols, intramolecular hydrogen-bonding, anomeric effect, DFT, ab
initio/MP2, AIM, NBO.
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fMzai  INTRODUCTION

Silanediol group has been found to have relevant pharmaceutical
applications.[14] Indeed, peptidomimetics containing the silanediol group (silicon
bioisosteres) have proven biological activity as inhibitors of metallo and aspartic
proteases.[4,16] The inhibition is supposed to occur after the quelation of the metal center
via the formation of a tetrahedral gem-diol intermediate. The ability of the silanediol group
to retain its tetrahedral structure [4], contrasting its carbon analogue that readily undergo
dehydration, has motivated the development of molecular mimics of formerly known
inhibitors where unstable carbons (in reaction intermediates and transition states) are
replaced by silicon atoms. However, this advantageous characteristic is blurred by the
propensity of gem-silanediols toward self-condensation, giving oligomers (siloxanes) and
chains. [1] This fact prevents the use of alkylgem-silanediols as inhibitors.

The conformational properties of geminal silanediols and their ability to
intramolecular hydrogen bonding could largely reduce their tendency towards
policondensation and, hence, their polimerization.[99] Steric effects are also responsible
for the increasing stability of the silanediol group. Specifically, the above mentioned silicon
bioisosteres can be divided into groups attending to the environment of the Si(OH),
functionality, i.e., the aminocarbonyl group can be in B or y position with respect to the
silicon atom.

In this work, we have studied the molecular and electronic structure of N-
[dihydroxy (methyl) silyllmethylformamide (DHSF) and 3-[dihydroxy (methyl) silyl]
propanamide (DHSP) (Figure 111.2.a.1), species that mimic the environment of the gem-

silanediol functionality in biological active silanediols.

NH,
HO
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(1) )
Figure l1.2.a.1. Molecular schemes of (1) N-[dihydroxy(methyl)silyllmethyl} formamide (DHSF) and (2) 3-
[dihydroxy(methyl)silylJpropanamide (DHSP).

Several theoretical studies focused in such interactions between metal binding
groups (MBGs) and metalloproteases have been reported [150-153], but few of them used
silanediol functionality as MBG. Therefore, the results obtained in the present work can be

useful for the understanding of the chemistry of these compounds, which, in a second
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stage, will be of interest for the study of the interaction mechanisms of this sort of species
with metallic centers.

The potential energy surfaces (PES) of the above mentioned silanediols, have
been thoroughly analyzed. Intramolecular hydrogen bonding in the set of conformers
studied for each system has been characterized using the AIM theory [82], NBO
population analyses [119] and the Rozenberg's empirical enthalpy equation. [154]
Additionally, NBO population analyses have been used to evaluate the conformational
properties of the set of conformers considering the stabilization that arises from the ring
anomeric effect (RAE) as well as the generalized anomeric effect (GAE). This analysis has
provided getting a better insight on the most important stabilizing factors in this sort of
compounds. Finally, DFT calculations performed in water solution (PCM) helped
assessing the effect that the media induce in both, molecular structure and stability of the

systems studied.

Mzaz THEORY

M2azl Computational Details

Ab initio and DFT calculations were performed using the Gaussian 09 [155] suite
of programs. All stationary points were fully optimized and characterized by harmonic
vibrational frequency calculations using the B3LYP hybrid density functional [108,109], the
MO6L pure density functional [68] and the second order Méller-Plesset perturbation theory
[144] in conjunction with the cc-pVDZ [113], cc-pVTZ [113] and aug-cc-pVTZ [114] basis
sets (these two last only in the case of DFT calculations). B3LYP is considered as
standard model chemistry for many applications and have proven its efficiency for the
study of thermochemical and spectroscopies properties in a wide range of molecular
systems. The MO6L functional was also chosen to study the above mentioned systems
since it has been reported to have the best overall performance for the study of
organometallic and non-covalent interactions. [156,157] However, since hydrogen-bonded
systems are governed not only by the dominant electrostatic component but also by
dispersion interactions, they are commonly poorly described for many DFT functionals,
which fail to describe dispersion interactions accurately. In fact, semilocal and local density
functionals cannot describe the long-range performance of the van der Waals interactions

(missing the correct attractive 1/RS behavior) leaving the interaction solely to the Coulomb
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terms. Thus, the DFT-D3 program of Grimme et al. [158] was used to correct the
calculated B3LYP/cc-pVDZ energies of the systems into study. Since pure MO6L
functional already behave well for this kind of interactions [159], the dispersion correction
of the calculated E,, energies at this level was discarded.

Solvent calculations were carried out according to the Polarizable Continuum
Model (PCM) [116] as implemented in Gaussian 09.

Natural Bond Orbital (NBO) [119] calculations were accomplished using the
program NBO v3.1 [120] as implemented in Gaussian 09. For all molecules, AIM
calculations based on Bader's theory [82] were performed using AIM2000 program.
[160,161]

M2a3  RESULTS AND DISCUSSION

M.2.a81 Theoretical conformational analysis and molecular structure of DHSF and
DHSP molecule

Gas-phase study
Conformational searching was carried out performing a simultaneous fully

relaxed scan (B3LYP/ 6-31+G*) of the ¥C;, — N;3 — C, — Si and Y N;5 — C, — Si —
Cs dihedral angles (DHSF), and the ¥C, — Cs — C; — N and ¥Si — C, — C5 — C,
dihedral angles (DHSP), which allows obtaining their corresponding potential energy
surfaces (Figures l.2.a.2 and ll.2.a.3, respectively) concerning the arrangement of the

hydroxyl groups and the side chains.

®Cq14N13C4Si

—— ©®N43C4SiCs
Figure 1ll.2.a.2. Potential energy surface (B3LYP/ 6-31+G*) of DHSF.
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@C,C,C,N,

-150 100 -50 0 50 100 150

— @SiC,C,C,
Figure l1.2.a.3. Potential energy surface (B3LYP/ 6-31+G*) of DHSP.

The molecular conformations with minor relative energies were isolated and
then optimized at the above mentioned level of theory. The subsequent computation of the
harmonic vibrational frequencies revealed the existence of six possible local minima (no
imaginary frequencies) for the DHSF (shown in Figure [1l.2.a.4) and seven conformations
(Figure 11.2.a.5) for DHSP. In most of the isolated structures, an intramolecular hydrogen
bond between the aminocarbonyl group and, at least, one of the -OH groups is
established. Table 111.2.a.1 reports all the stationary points characterized as real minima on
the PES of the two systems into study, their symmetry point groups and relative energies

(AE in kcall/ mol).

As can be seen in Table Ill.2.a.1, for DHSF, the relative energies (AE;)
calculated with the B3LYP, MO6L and MP2 methods, in conjunction with the cc-pVDZ, cc-
pVTZ and aug-cc-pVTZ basis sets (these two last only for DFT calculations), show the
same trend. Both the ab initio/ MP2 energy differences between conformers and the
predicted order of stability, agree with DFT calculations, yielding comparable results.
Besides, the inclusion of dispersion effects in the calculated B3LYP/ cc-pVDZ E,, energies
yields values even closer to the MP2 results. Remarkably, the energy difference between

conformers decrease as the size of the basis set increases.
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Conformer | Conformer Il Conformer lll

OH,1ram ,.,,,,.,.,| Axial/Axial ‘ Axial ‘ Eq |
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Figure 1ll.2.a.4. DHSF's set of conformers.

Table lll.2.a.1. Effect of the increasing basis set size on the relative energies (AE,, in kcal/ mol) for
DHSF and DHSP.

AE y2 (kcal/ mol)
B3LYP MO6L MP2
Stationary Point
cc-pVDZ cc-pVTZ aug-cc-pVTZ cc-pVDZ cc-pVTZ aug-cc-pVTZ cc-pVDZ
DHSF
1(Cs) 0.00 0.00 0.00 000 0.0 0.00 0.00
I1(Cy) 0.83 0.56 0.33 1.95 1.66 1.37 1.32
N(Cy) 1.43 0.97 0.69 1.30 1.40 0.90 1.33
IV (Cy 4.17 3.09 2.62 533 518 5.06 4.72
V(Cy) 4.28 3.20 2.69 539 504 4.39 4.75
VI(Cy) 5.07 3.77 3.22 635 581 5.38 5.60
DHSP
I(Cy) 000 0.0 0.00 0.32 0.04 0.26 0.00
I1(Cy) 098 094 0.99 0.00 0.00 0.00 0.30
(Cy 2.06 1.41 1.27 1.62 1.83 1.69 1.85
IV (Cy 1.98 1.84 1.90 290 218 2.22 1.96
V(Cy) 407 401 4.03 3.82 3.58 3.40 2.63
VI(Cy) 594 404 3.48 6.33 497 477 5.89
VIl (Cy) 551 475 4.40 6.03 558 5.23 5.47

aStand for zero-point corrected relative energy.

For DHSP, the relative energies (AE,) calculated for the set of conformers with
the B3LYP, MO6L and MP2 methods, in conjunction with the cc-pVDZ, cc-pVTZ and aug-
cc-pVTZ (except in the use of MP2) basis sets, show a similar trend. In general, DFT
calculations match ab initio results. The dispersion corrected B3LYP/ cc-pVDZ energies
are also very close to the values calculated at the MP2 level. Albeit there are subtle

discrepancies in the predicted stability orders depending on the method, being the energy
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differences in these cases minor than 0.5 kcal/mol This is for example the case of
conformer I, which is the most stable structure according to MO6L calculations but it is the
second most stable conformer for B3LYP and MP2 calculations.

As expected and confirmed from the AE, values reported in Table Ill.2.a.1,
conformers which are characterized for the occurrence of intramolecular hydrogen bonds

are more stable in gas phase than the remaining.

Conformer | Conformer Il
I\ d ! ‘I ?
B &
@~
@ 2 @
OHarrangement Axial Axial/Axial
Si(OH), 99 g-g*
. Conformer lll Conformer IV
4_*/" *Qi
{
& o
> 4 ? MEURY
. f _..(:
F) i @ J
'OHarangement Eq Axial
Si(OH), gt 99
Conformer V Conformer VI .f Conformer VI
(v - = i
L ¢ ‘ ‘
9 9 3o
)
OH. ramgemem Axial/Axial = Eq
Si(OH), 99 g9 99

Figure 111.2.a.5. DHSP's set of conformers.

The main geometrical parameters calculated for the conformers of the DHSF
and DHSP molecules at the MP2/ cc-pVDZ level of theory are collected in Tables I1l.2.a.2
and 111.2.a.3, respectively. Indeed, and unless otherwise stated, we will refer to MP2/cc-
pVDZ bond lengths and energies all along this discussion.

Focusing on DHSF, its global energy minimum (conformer ) correspond to a Cs
structure, where the carbonyl group establish a tricentric H-bond with the two hydroxyl
groups of the molecule (217.7 pm), resulting in a seven-membered bicycle.

Conformer Il and Il (ca.1.5 kcal/mol higher in energy than conformer 1) are
arranged in a six-membered ring through the formation of an H-bond between the carbonyl

group and the —0, Hg (189.9 pm) and —05 H, (209.4 pm) hydroxyl groups, respectively.
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Table 111.2.a.2. Main geometrical parameters obtained at the MP2/ cc-pVDZ level of theory for the set
of conformers of DHSF.

Geometrical parameters MP2/ cc-pvDZ?
[ Il 1l v ' VI
217.7
r H-bond 2177 189.9  209.4

r Si02 1685 1677 1694 1689 168.9 170.0
r SiOs 1685 1694 1685 1701 170.1 170.0
r SiCq 1921 1908 1905 188.7 188.7 1885
r SiCs 186.8 187.3 1874 186.6 1866 186.6
r CaNus 146.1 1462 146.0 1461 1458 146.0
I N13Cus 1349 1354 1353 1369 1367 136.8
I C14016 1237 1232 1233 1223 1224 1223
Z£0Si0 1157 1138 1046 1115 1123 1119
ZCSiC 1049 1081 1114 1150 1133 1123
ZCNC 1248 1240 1231 1218 1222 1224
@#CaN13C14016 000 -332 660 735 -300 -0.35
@#Hs0203H7 000 -10791 168.0 1103 1108 -104.0

aBond distances in pm. Bond angles in degrees.

The main structural difference between conformers Il and IIl is related to the
axial/lequatorial position of the methyl and hydroxyl groups with respect to the pseudo-
cycle. Structure of conformer Il is the one that is expected to be favored considering the
anomeric effect in a ring, being the —05 H, hydroxyl group disposed in axial arrangement
with respect to the endocyclic heteroatom. In addition, the —OH groups in conformer I
are also arranged according to the most stable geometry considering the generalized
anomeric effect in gem-silanediols. [148,149,162] Finally, in conformers IV, V and VI, no
intramolecular H-bonds are established.

Considering DHSP molecule, global energy minimum (conformer 1) is arranged
in a seven-membered ring, where one hydroxyl group is bounded to the carbonyl group via
intramolecular hydrogen bonding (192.4 pm). Conformer Il is characterized for the
occurrence of two intramolecular hydrogen bonds, being the carbonyl group
simultaneously interacting with both —OH groups (217.2 pm and 227.8 pm). Conformers
[l and IV form a seven-membered cycle through H-bond between one hydroxyl group and
the carbonyl group. The main difference between these conformers lay on the relative
position of methyl and hydroxyl groups with respect to the ring plane. For conformer lil,
—OH group is arranged in equatorial position whereas for conformer IV it is in axial

(geometry most favored by RAE).
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Table 111.2.a.3. Main geometrical parameters obtained at the MP2/ cc-pVDZ level of theory for the set
of conformers of DHSP.

Geometrical parameters MP2/ cc-pvDZ?
I ] 1l v \ Vi Vil
217.2 226.4

r H-bond 192.4 2778 206.1 187.4 271 191.9
r Si02 168.1 1689 1688 169.8 1712 1699 170.9
rSiOs 170.3 1696 1695 168.1 168.7 169.3 169.0
rSiCs 189.2 1910 1894 1901 1889 1876 1879
r SiCs 187.4 1868 1881 1873 187.0 1873 186.9
r C4Cs 1535 1537 1534 1547 1546 1531 155.1
r CsCs 1523 1521 1522 1522 1523 1528 153.1
r CeOz0 1232 1238 1234 1235 1223 1224 1227
r CeNz 1371 1358 1364 1236 1398 1382 1373
Z£0Si0 1127 1138 1051 1130 1109 1117 1110
ZCSiC 112.0 1103 1107 1121 1130 1139 1132
ZSiCC 1149 1153 1167 1141 1164 1130 116.1
ZCCN 1146 1121 1154 1154 1145 1125 1154
@C4CsCs020 -1657 410 293 807 1070 111 -1357
¢H90203H10 -116.1 95 166.1 -103.4 117.0 1109 1131

aBond distances in pm. Bond angles in degrees.

In conformer V, two intramolecular hydrogen bonds are established between the
amino group and both hydroxyl groups, being the former acting as proton donor and as
acceptor simultaneously. Conformer VII establishes an H-bond between one of the
hydroxyl groups and the amino group. The exo —OH group is disposed in equatorial
arrangement respect to the resulting ring plane. Finally, conformer VI is characterized by
the non-occurrence of intramolecular hydrogen bond.

In order to justify the stability order predicted by gas-phase calculations, three
different stabilizing effects taking place in the set of conformers were analyzed: (a) the
strength of the intramolecular hydrogen bonds, (b) the ring anomeric effect (RAE) and (c)

the generalized anomeric effect (GAE).

Intramolecular Hydrogen bonding

It is known that the stabilization of quasi-cyclic structures by intramolecular
hydrogen bonds (interaction which is considered as a particular case of hydrogen bonding)
can possibly be accompanied by certain conjugation effects. [163]

Unlike intermolecular hydrogen bonds, the energy of intramolecular interactions
cannot be easily calculated. Several theoretical approaches have been proposed to
quantify such interactions. [164-166]
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Among the vast amount of descriptors used to characterize hydrogen bonds,
geometric criteria (i.e. hydrogen bond distances and angles) are often applied as a
standard approach to study H-bondings and calculate their energies. This has led to the
development of empirical equations, where both stretching vibration shift and H-bond
length are used to quantify H-bond strength. [154,167] One example of these is the
Rozenberg’s enthalpy-distance relationship [154] that is used to determine the enthalpy of
the hydrogen bond (AH) from the theoretical and experimental values of the hydrogen
bond distance (r):

—AH (kcal /mol) = 0.0321r3% (with r in nm)

Besides empirical approximations, both the natural bond orbital theory (NBO)
and the quantum theory of atoms in molecules (QTAIM) have been largely used to detect
and characterize hydrogen bonding, from a strictly theoretical point of view.

In the natural bond orbital (NBO) approach, a hydrogen bond is interpreted as an
interaction between a lone pair of the charge donor atom and the unoccupied antibonding

orbital of the XH bond (oc*XH).The NBO charge transfer orbital interaction energy
@)y i i .
(AE ;) is given by the formula:

S w\2

@ (o] F|a")

AE " = —2———

o0 €5 — €5+

where F is the Fock operator and e, and e, are NBO orbital energies. [119] This
interaction energy could be used as a measure of the hydrogen bond strength.

As concerns the AIM theory, Koch and Popelier established a series of criteria
that should be taken into account for a proper analysis of an H-bond. [168] Thus, there
must be a consistent topology (i.e., the existence of a bond critical point, BCP, connecting
the two nuclei, an interatomic surface or zero-flux surface and a bond path between them)
for each hydrogen bond. At the BCP the value of p(r) must lie within the range [0.002,
0.04] au, and the value of the Laplacian of the electron density, V2p(r), must lie within
the range [0.6, 0.08] au, so that an hydrogen bonding is interpreted as a closed-shell
interaction (V2p(r) > 0 at the BCP ) in the AIM theory. These three criteria are
considered as the most determinant factors to confirm the presence of a hydrogen bond.

Table 1ll.2.a.4 shows a summary of calculated (MP2/ cc-pVDZ) parameters

used, in this work, to characterize the strength of the hydrogen bonds appearing in the set
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of conformers of DHSF. Likewise, in Table lll.2.a.5 are summarized the considered
parameters to analyze intramolecular hydrogen bonds in conformers of DHSP.

Table 111.2.a.4. Intramolecular hydrogen bond descriptors for DHSF.

MP2/ cc-pvVDZ
| Il 1]
r H-bond? % 189.9 209.4
1.10 6.13 2.34
NBO delocalizations ey 0.85 5.62 1.70
(kcall mol) LP(2) Y=o XK — 9 : :
0.85
0.017831
r —————=—0.026938  0.019909
AIM parameters P 0.017831
(au) 2 0.064320
Vep(r) 0.064320 0.104860 0.072676
Rozenberg's enthalpy _ 3.35
(keall mol)e AH 335 509 377

aBond distances in pm. ®PNBO interactions of intramolecular hydrogen bonding in conformer | (LP (1) O—0*
O2zHg; LP (2) O16—0"02Hs; LP (1) O15—0™* O3H7; LP (2) O15—0™ O3Hy7) in conformer Il (LP (1) O16—0™ O2He; LP
(2) O15—0*0zHs) and in conformer Il (LP (1) Ow—0* OsHz; LP (2) Os—0* OsHy). cEnthalpy of the
intramolecular hydrogen bond calculated using the empiric equation of Rozenberg.

Table 111.2.a.5. Intramolecular hydrogen bond descriptors for DHSP.

MP2/ cc-pvDZ
| Il 1l v V. VI VI
217.2 222.1
r H-bond2 192.4 2278 206.1 1874 64 191.9
NBO 5.51 151 2.99 4.67 523 - 11.23
delocalizations LP(1,2)Y—g*XHb 4'_66 (1)32 1’?1 9'?3 igg 1'_16
(kcal/ mol) - — - - — ——
0.016788 0.018067  0.0248
par:r:]l\gters p) 0.025038 0.014592 0.020211 0.028665 0014898 ~ 64
0.060380 0.053410  0.1036
2 il _—
(a.u) VZp(r) 0.097936 0.051796 0.065956 0.109696 0.049408 04
Rozenberg's 3.38 3.16
enthalpy —AH 489 3.96 5.30 - 493
(keall mol)e 2.92 2.98

aBond distances in pm. ®NBO interactions of intramolecular hydrogen bonding in conformer | (LP(1)
020—0*0zHg; LP(2) O20—0*OzHo), in conformer Il (LP(1) O2—0*OHg; LP(2) O20—0*02He; LP(2)
020—0*03H1o), in conformer Il (LP(1) O20—0*O2Hg; LP(2) O20—0*02Hg), in conformer IV (LP(1) O20—0*OsHuo;
LP(2) O20—0*03Huo), in conformer V (LP (1) O>—0*N7Hus; LP (2) O2>—0*N7H1s; LP(1) N7—0*0OsHio) and in
conformer VII (LP (1) O2—0*N7Hus; LP (2) O2—0*N7His). cEnthalpy of the intramolecular hydrogen bond
calculated using the empiric equation of Rozenberg.

For both systems, the enthalpy values calculated are within the expected range
for an intramolecular hydrogen bond. Remarkably, the value of V2p(r) in the BCPs is

correlated with both AH values and NBO interaction energies, as shown in Figure 111.2.a.6

175



Seccion a. Silanodioles peptidomiméticos con un grupo aminocarbonilen By y

(where have been taken into account the parameters of the 9 conformers of the two

species into study that present intramolecular hydrogen bonds).
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Figure l1.2.a.6. Correlation between the values of the Laplacian of electron density, NBO charge transfer orbital
interaction energies (kcal/mol) and Rozenberg’s enthalpies (kcal/mol) of all the individual intramolecular
hydrogen bond in DHSF (triangle/blue) and DHSP (dot/red).

As shown in Table 111.2.a.4, for DHSF, hydrogen bond in conformer Il is found to
be the strongest. However, the higher enthalpy is calculated for conformer | (with two H-
bonds), which total enthalpy reaches a value of 6.70 kcal/ mol. Similarly, the strongest
individual hydrogen bond is found in conformer VII of DHSP (see Table 1I1.2.a.5).
Nonetheless, the highest enthalpy is calculated for those conformers with more than one
H-bond, such as conformer 1l (6.30 kcal/ mol) and conformer V (6.14 kcall mol). As
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mentioned above, conformers I, Il and Ill of DHSF are calculated to be lower in energy
than conformers IV, V and VI. Thus, the stability order inferred considering the total
amount of energy released when the H-bond is established, is consistent with the
predicted order of stability (I<lI<IIl) computed at the aforementioned level of theory for this
system. On the contrary, in the case of DHSP, the stability order inferred only considering
the energy of the intramolecular H-bond (lI<V<IV<VII<IIII<VI), does not match with the
order of stability set up by the AE; values computed at the MP2 level. This fact may be
caused by the combined effect of the stabilization that arise from H-bond formation and
other destabilizing interactions (e.g. steric effects) that may appear as a result of the side

chain folding.

Ring Anomeric Eifect (RAE)

One of the main principles of the conformational analysis is that the substituents
of a cyclohexane ring tend to adopt equatorial disposition rather than axial arrangement,
mainly due to steric reasons. [169-173] Nevertheless, it has been seen that polar
substituents with lone electron pairs (groups such as —OMe, —0Ac, —Cl, etc., known
as anomeric substituents) show a preference to adopt the axial position. Several
explanations have been proposed to explain the origin of the ring anomeric effect. [169-
173] According to the electrostatic theory, this tendency to adopt axial positions in a six-
membered ring is the result of destabilizing interactions between the dipole moments of
the polar bonds involved in the anomeric center (see Figure 11l.2.a.7). This dipole-dipole
interaction is diminished when the polar substituents adopt axial disposition.

Moreover, bearing in mind the hyperconjugative model, the stabilization of the
axial conformer is attributed to the delocalization of the antiperiplanar lone pair orbital on
the endocyclic heteroatom (Y) to the ¢* antibonding orbital of the € — X bond. This
interaction produces the lengthening of the € — X bond by electron transfer to its o*
antibonding orbital whereas the € —Y is contracted by increasing its double-bond
character. Besides, the Y — C — X bond angle is opened as a consequence of the
resulting sp? character on the anomeric center.

Considering DHSF molecule, for conformer Il (see Table 111.2.a.2), which adopt
the favored ring anomeric geometry, the Si — O, distance (endocyclic heteroatom) is

much shorter than Si — 05 bond length (anomeric substituent), being the former 167.7

177



Seccion a. Silanodioles peptidomiméticos con un grupo aminocarbonilen By y

pm whereas the latter takes a value of 169.4 pm. The theoretical value of 0SiO bond
angle (113.8°) is far away from the classical value for tetrahedral silicon. Nonetheless, for
conformer Ill, which is the geometrical counterpart of conformer |1, this angle is calculated
to be 104.6° which, indeed, is smaller than the expected value for tetrahedral silicon. In
addition, the Si — 05 bond length (endocyclic heteroatom) is not as small as it would be

expected for a system where the ring anomeric effect is structurally promoted.

(Eq) (Ax) ox
Lo e
e T

Figure ll.2.a.7. Schematic representation of dipole-dipole interactions of polar bonds in a hypothetical substituted
heterocyclic compound, where X being any polar substituents with lone electron pairs (such as —OMe, —OH,
—Cl, etc.). Axiallequatorial conformational preference.

Due to molecular symmetry, both Si — O distances in conformer | have the
same value. In addition, both hydroxyl groups are disposed in axial arrangement respect
to the bicycle plane, being the charge transfer equally favored from both oxygen atoms.

In the case of DHSP, the values of bond distances and angles in conformer |
(reported in Table 111.2.a.3) are consistent with the occurrence of the RAE. For example,
Si — 0, bond distance is much shorter than Si — 05 and, besides, the 0Si0 bond angle
is larger than the value expected for sp3 silicon (112.79). The same goes for conformer |,
although, in this case, the value of the 0SiO bond angle (105.1°) is smaller than that
expected in a sp3 center, effect that could be caused by the gauche-trans arrangement of
hydroxyl groups in this conformer. The incidence of the RAE is also observed in the values
of the calculated geometrical parameters for conformer IV and VII. On the other hand, the
calculated Si — O bond distances in conformer V (171.2 pm Si0,, 168.7 Si05) do not fit
those expected for a system favored by the ring anomeric effect. This discrepancy could
be the result of the lifting balance of hyperconjugative interactions derived from the fact

that both hydroxyl groups are involved in hydrogen bonds.
Tables Ill.2.a.6 and 1ll.2.a.7 outline the AE(E? values of the charge transfer

taking place from the lone pairs of both oxygen atoms used to evaluate the ring and
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generalized anomeric effects in the set of conformers of both systems, computed at the
MP2/cc-pVDZ level.

Table 111.2.a.6. NBO data used to evaluate ring and generalized anomeric effects in the set of DHSF
conformers.

MP2/ cc-pVDZ
. 2
Interaction Eg G) (kcal/ mol)

| Il 1] v \ Vi
LP (1) 02— ¢*Si0Os 226 125 431 100 180 0.78
LP (1) 02— o* SiCs 224 364 173 321 256 3.04
LP (1) O>— ¢”SiCs 255 213 - 259 265 356
LP (2) 02— ¢*Si0Os 1346 1735 3.02 1565 14.18 16.04
LP (2) 02— ¢”SiCs 914 649 336 535 7.05 -
LP (2) 0— o™ SiCs - 073 957 - - 5.09
LP (1) 03— ¢" SiO; 226 310 416 161 089 243
LP (1) Os— o”SiCs 224 340 18 312 294 152
LP (1) Os— ¢”SiCs 255 149 184 223 287 271
LP (2) 03— ¢*Si02 1346 992 1026 1264 1439 10.83
LP (2) 03— ¢*SiCs 9.14 - - - - -
LP (2) 03— 0" SiCs 929 894 678 534 797

>RAE® 3144 1860 1442 = = =
YGAE® 5930 5879 49.05 5418 5467 53.97
aStand for the ring anomeric effect. The individual contribution to the RAE of each conformer according to the
position (endo or anomeric substituent) of O, and Os oxygen atoms in the pseudo-cycle are shown in bold.
bStand for the generalized anomeric effect.

For DHSF, the highest total contribution to the ring anomeric effect is calculated
for conformer 1, in which both hydroxyl groups are disposed in axial arrangement with
respect to the bicycle plane. The value of the RAE of conformer Il is ca. 4.2 kcal/mol
higher than the calculated value for conformer Ill. This is in accordance with the
axial/equatorial disposition of methyl and hydroxyl groups in this pair of conformers.

Focusing on the conformers of DHSP, the highest value of YRAE is found in
conformer V as it has two anomeric substituents properly oriented (axial/axial) with respect
to the ring plane. The same goes for conformer Il (also with both - OH groups in
axial/axial arrangement), which is calculated to have the second highest value of Y;RAE.
The value of Y;RAE for conformer IV is much higher than that of conformer Ill, as expected
since the geometry of the latter is not favored by ring anomeric effect. Finally, conformer |
(—OH axial) is more favored by RAE than conformer VIl (—OH equatorial) as shown in
Table lll.2.a.7.

Noticeably, the calculated values of RAE for conformers of DHSF are also
consistent with the predicted stability of the considered set of conformers from the E,

energies. However, the use of the magnitude of > RAE to set up the stability order among

179



Seccion a. Silanodioles peptidomiméticos con un grupo aminocarbonilen By y

the set of conformers (V < II <1 <1V <VII <III <VI) for DHSP also yields a
different trend than that obtained considering the values of AE, at the MP2/ cc-pvVDZ
level.

Table 11.2.a.7. NBO data used to evaluate ring and generalized anomeric effects in the set of DHSP
conformers.

MP2/ cc-pVDZ

- 2
Interaction Ega) (kcal/ mol)
| Il 1l v \ Vi Vil

LP(1)0,—0"Si0s 088 143 389 248 148 145

LP(1)0,—>0'SiC, 387 28 241 297 28 292 239
LP (1) O>—>o*SiCs  2.07 2.39 1.20 2.31 2.26 2.49 3.32
LP (2) 0>— 07Si0s  18.02  15.09 - 1127 1263 1363 1416
LP(20:—»0'SiCs 516 7.09 829 - - - 0.51
LP(2) 02— ¢*SiCs  0.95 - 984 850 578 651 426
LP(1)0s—0'Si0; 2.07 230 364 168 144 117 127
LP(1)Os—0*SiCs 317 178 194 297 308 294 313
LP(1) 03— 0"SiCs 198 2.38 - 2.31 2.29 2.64 2.69
LP(2)0s—>07Si0; 1152 1182 499 1585 1588 1505 1555

LP(20s>0'SiCa - 874 200 761 670 583 505
LP(O0s>a'SiCs 770 - 98 - - - -
YRAE* 1890 3064 389 1753 3143 1416

YGAEb 574 5587 4806 5795 5442 5463 53.23
aStand for the ring anomeric effect. The individual contribution to the RAE of each conformer according to the
position (endo or anomeric substituent) of O, and Os oxygen atoms in the pseudo-cycle are shown in bold.
bStand for the generalized anomeric effect.

Generalized Anomeric Effect (GAE)

Considering a structural motif lkea —f —y —4&, where a is an
electronegative atom and 6 has at least one lone electron pair, the hyperconjugative
model explains the generalized anomeric effect as an electron donation from & atom to
the o™ antibonding orbital of the y — 8 bond, causing the shortening of the y — § bond
and the lengthening of the adjacent y — 8 bond. [169-173] As was previously stated for
small alkylsilanediols [148,149,162], the stabilizing generalized anomeric effect in gem-
silanediols is favored when —OH groups are oriented in gauche. The influence of the
hyperconjugative effects in the calculated geometries was also studied using NBO
population analyses for the set of conformers.

As concerns DHSF, conformer Ill present the lowest value of Y;GAE (see Table
l.2.a.6), as expected, since their hydroxyl groups are disposed in gauche-trans
orientation. Consequently, the mentioned charge transfer came mostly from the —0,
oxygen atom (which is properly oriented), whereas in the remaining conformers it is

coming from both hydroxyl groups.
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For the set of conformers of this system, the total contribution to the YGAE is
quite high and rather similar, except for conformer Ill. However, and although conformers |
and Il are those with the highest values of };GAE, the stability order considering this effect
(I <1l <V < IV <VI < III) does not match exactly the order predicted by the E,
energies. Other stereoelectronics and sterics effects may be responsible for the predicted
order of stability computed in gas-phase. In this case, the strength of the intramolecular
hydrogen bonding and the axial/equatorial disposition of substituents with respect to the
ring plane may contribute further to the computed E,, values in gas-phase.

Considering DHSP, only for conformer VI (no H-bonds) both Si — 0 and Si — C
lengths (reported in Table 1ll.2.a.3) are similar. This is expected in systems with gg
arrangement of hydroxyl groups. The remaining conformers show large discrepancies in
the mentioned geometrical parameters, although the —OH groups are also disposed in gg
arrangement. This could be caused by the enhancement of hyperconjugative interactions
as a result of the intramolecular hydrogen bonding in these systems. Except for conformer
1l the values of Y GAE (see Table I11.2.a.7) within the set of conformers are alike. Again,
the stability order that can be concluded from the »GAE values (IV <1 < Il < VI <
V < VII < II) does not follow the trend of the computed AE, values.

Contrasting DHSF, in the case of DHSP the strength of the hydrogen bonds
(I <V <IV<VII <I<IIl <VI)and the magnitude of the RAE (V < Il < I <
IV < VII < 111 < VI) follow a rather similar tendency within the set of conformers.
Nonetheless, as above stated, the stability order predicted considering the relative AE,
energies by MP2/cc-pVDZ calculations under the isolated molecule approximation is
different and may be due to the combined effect of all the stabilizing effects (i.e. H-bond
formation, RAE, and GAE, among others) and destabilizing interactions (e.g. steric
effects). The stabilization of each molecular conformation is due to the joint effect of
stabilizing and destabilizing factors. The folding of the long side chain in this system is
promoted by the establishment of intramolecular hydrogen bond (which is a stabilizing
interaction). However, the energy lowering derived from the hydrogen bond formation
could be compensated by other destabilizing interactions (mainly stereoelectronics effects)
that may arise from the geometry adopted by the alkyl side chains when the H-bond is

established. This could explain the differences between the stability order predicted
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considering AE, energies and the enthalpies of H-bonds, as well as the discrepancies

found when RAE and GAE are evaluated.

Solvent calculations

The influence of the media on the molecular structure and stability of the
DHSF and DHSP conformers was evaluated performing the geometrical optimization of
the different molecular conformations in water solution using the PCM model (B3LYP/ aug-
cc-pVTZ). The dipole moments and the main geometrical parameters in water solution
(PCM) as well as the solvation energies (E5°') calculated at the B3LYP/ aug-cc-pVTZ
level for all the conformers of the two systems into study, along with their corresponding
parameters calculated in gas-phase are collected in Tables 11.2.a.8 and 111.2.a.9. The most
significant phase effects in solution are the decrease in the length of the intramolecular

hydrogen bonds and the increase in the dipole moments.

Table 111.2.a.8. Compared geometries, dipole moments and relative energies for DHSF conformers in
the isolated molecule approximation and in water solution, along with their solvation energies (E5").
Geometrical Parameters Gas-phase# (B3LYP/aug-ccpVTZ)
| 1l I v ) Vi

r H-bond 2269 1913 1915 - : :

1Si0; 1655 1645 1659 1659 1658  165.9
1 Si0s 1655 1664 1646 1669 1669  166.8
ISiCa 1016 1910 1915 1888 1838 1886
rSiCs 1863 1867 1865 186.2 1862  186.3
rCaNs 1463 1466 1468 1459 1458 1459
I NizCus 1341 1343 1345 1355 1355 1356
£0Si0 1146 1125 1081 1110 1121 1116
11 (Debye) 478 372 415 428 456 455
AE, (kcal/mol) 000 033 069 262 269 322

Water solution2 (PCM-B3LYP/aug-ccpV1Z)
| 1l 1] v \' Vi

r H-bond 2220 1860 1824 - : :
1Si0, 166.7 1660 1658 1660 1660  166.0
1Si0s 1667 1661 1660 1662 1660 _ 1662
ISiCa 1902 1902 1907 189.3 1893 1895
1SiCs 186.2 1866 1864 1865 1865 1865
rCaNus 1462 1466 1467 1460 1460  146.
I NiCue 1331 1330 1330 1339 1339 1340
£0Si0 1123 1122 1102 1116 1125 1123
11 (Debye) 737 601 69 660 673 659
AE (kcalimol) 774 202 198 020 006 _ 0.00
ES°! (keall mol) 1184 -17.88 -1828 2199 -2220 -22.79

aBond distances in pm.

Values of solvation energies indicate that all the structures are highly stabilized

in water solution. As shown in Table 11l.2.a.8, for DHSF gas phase and solution stability
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orders are inverted, being the so-called conformer VI the global minima in water solution.
Likewise, the stability order in water solution of the set of conformers of DHSP differs from
that calculated in gas-phase at the same level of theory. Those structures which are less
stable in gas-phase are calculated to have the highest E5°".

Table 1ll.2.a.9. Compared geometries, dipole moments and relative energies for DHSP conformers

in the isolated molecule approximation and in water solution, along with their solvation energies
(E5”).

Geometrical Parameters Gas-phase? (B3LYP/aug-ccpVTZ)
I I I v v Vi Vil
222.3 234.1

r H-bond 189.4 246 7 183.1 185.7 250.8 199.5
r Sioz 1649 1659 1648 166.8 1679 166.9 167.8
r Si0s 1672 1665 1664 1648 166.0 1664 166.1
r SiCa 189.0 1905 189.8 190.2 1885 1875 1877
r SiCs 187.0 1864 1870 1871 1866 1869 186.6
r CsO20 1225 1227 1225 1226 1217 1217 1220
r CsN7 1358 1354 1357 1356 1372 1344 1358
Z0Si0 1118 1128 1094 1128 1105 1111 1106
u (Debye) 434 597 566 422 399 367 469
AE (kcal/mol) 000 099 127 190 403 348 440

Water solution® (PCM-B3LYP/aug-ccpVTZ)
[ Il 1l v ' VI VI

211.9 231.0

 H-bond 1750 —,>g~ 1729 1736 — o= 191.4
r SO 166.1 167.1 1660 1667 1669 166.6 167.1
r SiOs 166.9 1673 1665 1660 1664 1665 166.1
r SiCs 1885 1892 1892 188.8 190.0 188.0 188.2
r SiCs 1870 1865 1869 1872 1868 1869 186.7
r CsOz0 1242 1241 1242 1242 1235 1235 1237
r CoNr 1339 1338 1338 1338 1346 1345 134.2
£0Si0 1112 1110 1102 1115 1115 1115 1113
1 (Debye) 643 888 899 694 591 604  6.66

AE (kcal/mol) 165 557 187 229 305 000 239

E°! (keall mol) 1791 -1498 -1895 -19.18 -20.54 -23.04 -2157

aBond distances in pm.

Conformer VI is the global minima in solution and has the highest E5°* value.
This observation supports the electrostatic explanation of the ring anomeric effect. As it is
known, [174] increasingly polar solvents attenuate dipole-dipole interactions of polar bonds
in the anomeric center, leading to a higher contribution of equatorial conformers in
solution. Thus, under the PCM model, conformer Il of DHSF becomes more stable than
conformer I, and conformer | (which has two axial hydroxyl groups) has the highest

relative energy value and the minor value of E3°! (solvation energy).
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For DHSP, conformers with equatorial arrangement of the exo —OH group

are those with the highest contribution (more stable) in water solution, as it is shown by

their solvation energies.

2a4.  CONCLUSIONS

184

The potential energy surfaces (PES) of two different gem-silanediols, namely
DHSF and DHSP, have been analyzed at the B3LYP/ 6-31+G* level of theory,
revealing the existence of six conformers for DHSF and seven for DHSP. Most of
the structures are characterized for the occurrence of intramolecular hydrogen
bonding between hydroxyl groups and adjacent aminocarbonyl groups, resulting in
pseudo-cyclic structures. In some cases, more than one intramolecular H-bond is
possible.

AIM analysis, NBO calculations and Rozenberg's enthalpy-distance relationship
have been used to characterize and evaluate strength of individual hydrogen
bonds in such systems. There exist a remarkable correlation between the
calculated values of the V2p(r) at each BCP, NBO orbital interaction energies
and enthalpy values among the set of conformers considering those 9 that present
intramolecular hydrogen bonds.

The strength of the hydrogen bond and the magnitude of the ring and generalized
anomeric effects have been put together in order to justify the stability order within
each family of conformers. For DHSF, structures with stronger hydrogen bonds
and higher magnitudes of the RAE and GAE are calculated to be more stable in
gas phase. For DHSP such parallelism is not so straightforward, possibly due to
the combined effect of the three stabilizing effects or the occurrence of additional
destabilizing interactions, such as steric effects, as the side chains are folded to
establish H-bonds

Solvent calculations were performed over the series of conformers to evaluate the
influence of aqueous media in the structure and stability of the studied systems.
For DHSF, stability order is totally inverted on going from gas-phase to water
solution. Conformers with equatorial disposition of anomeric substituent are
calculated to be more stable in solution which, in fact, is in accordance with the

electrostatic explanation of RAE. For DHSP such stability inversion is not as
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symmetric as for DHSF, but those conformers with equatorial substituents are also
estimated to be more stabilized than axial structures as evidenced by their E5°

values.
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Stabilizing factors of the molecular structure of 3-(dihydroxysilaneadlyl)djpropanamide
HM2b1  INTRODUCTION

As has been mentioned, the excellent properties of the silanediol group as
hydrogen donor and acceptor, and their tendency to retain their tetrahedral structure [4],
lead to the development of silicon bioisosters of formerly known protease’s inhibitors.
However, these advantageous characteristics are blurred by the propensity of silanediols
toward self-condensation, giving oligomers (siloxanes) and chains [1]. In this sense, it has
been shown that intramolecular hydrogen bonding would prevent the interaction between
neighbor silanediol groups and, hence, their polymerization [99]. Besides, steric effects are
also responsible for the increasing stability of the silanediol group. Thus, the
conformational properties of geminal silanediols and their ability to intramolecular
hydrogen bonding could largely determine their tendency towards policondensation and,
therefore, the use of compounds containing this group as protease inhibitors.

The molecular and electronic structure of 3'-(dihydroxysilanediyl)dipropanamide
(DHSDP, Figure 111.2.b.1), species that mimic the environment of the mentioned gem-
silanediol silicon hioisosteres, have been theoretically studied using ab initio (MP2) and
DFT (B3LYP and MO6L) methods.

DHSDP H,N
O O
HZNMSi
/ TOH
HO

Figure 11l.2.b.1. Molecular schemes of 3'-(dihydroxysilanediyl)dipropanamide (DHSDP).

These species can be used as models of the gem-silanediol functionality in other
more structurally complex molecules that have proven inhibitory activity against proteases
[4]. Although there has been a growing interest in silicon-based related compounds there
have been few attempts to theoretically study their molecular structure, which can be
useful for the theoretical analysis of the enzyme-substrate interactions in the mentioned
systems.

The study of the chemistry of the silanediol group in a relatively simple biological

environment, can be useful for the understanding of the molecular and electronic structure
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of these compounds, which, in a second stage, will be of interest for the study of the
substrate-metal interactions providing a deeper knowledge of the interaction mechanisms

in this sort of species.

nz2b2  THEORY

Ab initio and DFT calculations were performed using the Gaussian 09 [155] suite
of programs. All stationary points were fully optimized and characterized by harmonic
vibrational frequency calculations using the B3LYP hybrid density functional [108,109], the
MO6L pure density functional [68] and the second order Méller-Plesset perturbation theory
[144] in conjunction with the cc-pVDZ [113], cc-pVTZ [113] and aug-cc-pVTZ [114] basis
sets (these two last only in the case of DFT calculations). B3LYP is considered as
standard model chemistry for many applications and have proven its efficiency for the
study of thermochemical and spectroscopies properties in a wide range of molecular
systems. The MO6L functional was also chosen to study the above mentioned systems
since it has been reported to have the best overall performance for the study of
organometallic and non-covalent interactions. [156,157]

Solvent calculations were carried out according to the Polarizable Continuum
Model (PCM) [116] as implemented in Gaussian 09.

Natural Bond Orbital (NBO) [119] calculations were accomplished using the
program NBO v3.1 [120] as implemented in Gaussian 09. For all molecules, AIM
calculations based on Bader's theory [82] were performed using AIM2000 program.
[160,161]

M2b3  RESULTS AND DISCUSSION

M.2b.31 Theoretical conformational analysis and molecular structure of DHSDP
molecule

Gas-phase study
Theoretical structural study of DHSDP was carried out performing a

simultaneous fully relaxed scan (B3LYP/ 6-31+G*) of the yC, — Si — Cs — C, and

YCs — Si — C, — C4 dihedral angles, which allows obtaining the potential energy surface
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(Figure 111.2.b.2) of the molecule concerning the arrangement of the hydroxyl groups and

the side chain.

cl II' N
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Figure l1.2.b.2. Potential energy surface (B3LYP/ 6-31+G*) of DHSDP.

A total of fourteen possible conformations (see Figure 111.2.b.3) for the system
were found to be real minima on the PES. All structures have at least one intramolecular

hydrogen bond between hydroxyls groups and the aminocarbonyl groups of the side

chains.
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Figure 11.2.b.3. DHSDP's set of conformers.
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The main geometrical parameters of the set of conformers calculated at the
MP2/cc-pVDZ level of theory are reported in Table 111.2.b.1.

Table 111.2.b.1. Main geometrical parameters obtained at the MP2/ cc-pVDZ level of theory for the set
of conformers of DHSDP.

Geometrical parameter

MP2/ cc-pVDZ2
| I 1l v ) VI vl v IX X X X X XV
185.2 187.5 216.2 212.3 190.9 219.4 211.9 191.4 188.2 175.1 190.4 199.6 195.2 191.0

r H-bond 189.5 220.2 239.1 228.4 190.9 223.7 218.0 216.8 193.7 203.7 - 206.7 -

- - - 222.0 210.6 - - - -
rSio, 169.9 169.9 170.0 169.3 168.4 170.1 170.4 170.8 169.0 169.1 171.1 169.5 1689 171.2
rSi0; 169.3 169.5 169.7 170.1 """ 169.6 169.5 168.8 169.6 169.1 168.7 168.9 168.6 169.0
I SiCs 188.0 188.9 190.1 187.6 1901 188.7 189.4 187.6 188.7 188.1 188.1 187.7 189.4 188.0
rSiCs 188.8 188.9 188.8 190.3 """ 190.2 189.9 190.3 189.3 190.0 189.7 190.1 190.8 187.1
r CaNao 137.0 137.8 136.2 122.9 136.9 137.9 137.7 137.2 136.9 137.7 1372 138.1 136.7 137.1
I CoNu 136.6 136.6 137.7 135.6 — "~ 135.8 136.6 135.6 136.5 136.0 136.2 136.7 136.2 137.8
1 CeO12 122.8 122.7 123.8 122.9 1234 122.8 122.9 122.9 123.6 122.7 122.8 1225 1234 122.7
1 CoO13 1234 1234 1229 1239 " 123.9 1235 123.9 123.7 123.8 1235 1233 1240 1224
£0Si0 1115 1126 111.7 112.7 1153 112.4 1035 112.6 110.8 112.3 102.5 1053 107.4 110.4
ZCSiC 1125 113.8 114.8 111.1 1129 1153 1157 110.7 115.6 112.0 111.2 1105 108.0 113.8
6H140203H15 -117.1 -117.2 123 -7.1 110.2 -6.4 -1355 -10.3 56.9 -46.3 -143.7 -124.7 -135.3 104.5

2Bond distances in pm. Bond angles in degrees.

As can be seen in Table I1l.2.b.2 (where the relative energies calculated at the
different level of theory employed are reported) the stability order calculated at the DFT
level for the set of conformers is in relative agreement with the MP2 results. Remarkably,
relative energies (AE,) calculated with MO6L functional are closer to ab initio results. In
any case, low energy differences are found between the five structures with minor
energies.

Table 11.2.b.2. Effect of the increasing basis set size on the relative energies (AEo, in kcal/ mol) for
DHSDP.

AE (kcal/mol)
B3LYP/cc-pVDZ  M06L/cc-pVDZ ~ MP2/ cc-pVDZ

1(Cy) 0.00 2.73 1.68
1(Cy) 0.14 1.92 0.39
(Cy 0.83 0.00 0.33
V(C) 0.96 2.54 1.80
V(C) 1.04 430 1.88
VI(Cy) 1.05 0.76 0.66
VI (Cy) 119 0.88 0.88
VIl (Cy) 0.86 2.62 1.66
X (Cy) 152 0.36 0.00
X (Cy) 2.16 5.36 2.85
XI(Cy 2.40 4.76 318
XIl (C) 2.72 476 403
XIll (Cy) 3.84 3.74 342
XV (Cy) 7.55 9.26 9.02

Considering MP2 results, the global energy minimum correspond to conformer

IX which is characterized for the occurrence of three intramolecular hydrogen bonds where
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both aminocarbonyl groups and one hydroxyl group are involved. Conformer Ill is the
following most stable structure which is characterized for the occurrence of a hydrogen
bond between both —OH groups and one of the carbonyl groups. This conformer is
similar to conformer | in DHSF as well as conformer Il in DHSP. In conformer Il, —O3H, 5
hydroxyl group is simultaneously linked to the amino and carbonyl groups of both side
chains. Conformer VI is analogue to conformer Ill, but —C4 0,5 is involved in the hydrogen
bond in this conformer. Hydrogen bonding in conformer VIl is established between the -
05 H, s hydroxyl group and the —Cy0,5 carbonyl group. The arrangement of hydroxyl
groups in this conformer is gt.

The energy difference between conformers I, 1ll, VI and VII and the global
energy minimum (conformer IX) hardly reach 1 kcal/ mol. The remaining conformers are
higher in energy, 4E, > 1 kcal/ mol. For conformers I, IV, V and VIl are 1 kcal/ mol<
AE, < 2kcal/mol. Finally, for conformers X, XI, XIl, Xlll and XIV AE, > 2 kcal/ mol.
Noticeably, DFT and MP2 calculations predict different global minima, although their order
of stability is in relatively good agreement.

The stability order for this set of conformers was evaluated considering three
effects: (a) the strength of the intramolecular hydrogen bonds, (b) the ring anomeric effect
(RAE) and (c) the generalized anomeric effect (GAE).

Intramolecular hydrogen bonding

Table 111.2.b.3 summarizes the calculated parameters (MP2/ cc-pVDZ) used to
characterize intramolecular hydrogen bond in the set of conformers. The enthalpy of the
intramolecular hydrogen bonding was calculated using the empiric equation of Rozenberg
[154].

—AH (kcal/mol) = 0.0321r 3% (with r in nm)

Conformers which established three intramolecular hydrogen bonds (i.e.
conformers 1X, IV and VIII) are more stabilized. The highest enthalpy value is calculated
for conformer IX which, indeed, is the global energy minimum at the MP2/ cc-pVDZ level
of theory. The so-called onformers X, I, V, XI, XIlI, II, VI and Il (with two intramolecular

hydrogen bonds) are less stabilized.
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Table 111.2.b.3. Intramolecular hydrogen bond descriptors for DHSDP.

MP2/ cc-pvDZ
| 1l 1] \% \'/ Vi VI viEIX X XL X Xl XV
189.5[220.2|216.2190.0|190.9|223.7 | 211.9 |191.4]210.6|193.7|190.4 |199.6 | 206.7 | 191.0
rH-bonde 185.2(187.5|239.1{228.4|190.9(219.4| - [222.0|216.8{175.1|203.7| - |195.2| -
- - - |212.3| - - - [218.0(188.2| - - - - -
7.32 1129 | 0.86 [12.02] 4.08 | 0.52 | 1.94 [8.72 | 2.17 | 3.08 | 4.80 | 3.99 | 4.37 |12.28
7.00 (3921091095759 130 1.49 |[3.85|5.21 |10.65|9.93 |3.16 | 3.58 | -
NBO LP(1,2)Y 10.14|6.71 | 0.55 | 1.88 | 4.08 | 1.35 - 065|204 78 317 | - [348] -
(kcal/ mol) »o*XH® 3.76 | 6.25 | 0.61 | 0.91 | 7.59 | 0.76 - 130 | 1.04 [14.00{2.00 | - |558] -
- - - - - - 138531 | - - - - -
- - - - - - 068189 | - - - - -
0.0263)0.0165/0.0178)0.0255/0.0265/0.0155|0.018770.0253|0.0199|0.0262|0.0267|0.0223/0.0187/0.0252
p(r) 0.0289)0.0277/0.0113/0.0146/0.02650.0159| - |0.0163/0.0165/0.0368{0.0210] - 0.0251] -
AM (a.) - - - 0.0184 - - - [0.01670.0269] - - - - -
0.1095/0.0519/0.0619|0.1084/0.0999/0.0540] 0.0686 0.1044{0.0647/0.0968/0.1073|0.0837|0.0657/0.1060
V2p(r)0.1166(0.1106{0.04430.0523)0.099900.0573| - [0.0573(0.0531/0.14590.0779| - [0.0910] -
- - - 0.0666] - - - [0.0606/0.1036] - - - - -
Enthalpy 512|324 342 (501501309 3.64 [496 |3.71 | 479 | 5.04 | 4.37 | 3.93 | 5.00
(keall mol)® —AH 549|529 |252]290 501|327 - 316 340651411 | - |[468] -
- - - [362] - - - 3341523 | - - - -
#Bond distances in pm. ®NBO interactions of intramolecular hydrogen bonding in conformer I (LP (1) O3—0* NigHa; LP (2) O5—0* NigHzs; LP (1) O1s—0* OsHis; LP (2) O1s—0*

O:Hss), in conformer II (LP (1) Os—0* NigHz; LP (2) Os—0* NigHzu; LP (1) O13—0* Oshhis; LP (2) O15—0* OgHis), in conformer IIl (LP (1) O,—0* OzHu; LP (2) O1o—0* OzHu; LP
(1) Oz—0* OsHus; LP (2) O1,—0* OgHis), in conformer IV (LP (1) Os—0* NigHzu; LP (2) O—0* OHy; LP (1) O1z—0* OsHis; LP (2) Oz—0™ OzHys), in conformer V (LP (1)
01,—0* OsHss; LP (2) O12—0* OgHis; LP (1) O13—0* OzHue; LP (2) Oz—0* OzHy), in conformer VI (LP (1) O15—0* OzHus; LP (2) O1s—0* OzHig; LP (1) Oz—0* OsHss; LP (2)
01—0* OzHss), in conformer VI (LP (1) O—0* OsHis; LP (2) O—0* OzHis), in conformer VIl (LP (1) O,—0* NioHzr; LP (2) O,—0* NigHzi; LP (1) Oz—0* OzHu LP (2)
015—0* OzHig; LP (1) O—0* OsHis; LP (2) O13—0* OsHis), in conformer IX (LP (1) Os—0* NioHzs; LP (2) O3—0* NigHzs; LP (1) O1z—0* NusHzr; LP (2) Oz—0* NuHar; LP (1)
O1—0* O:His; LP (2) O13—0* OHs), in conformer X (LP (2) O3—0* NigHz; LP (1) 01,—0* OzHu; LP (1) Os13—0* OsHis; LP (2) O=—0* OzHis), in conformer XI (LP (1) O,—0*
NioHzs; LP (2) Op—0* NygHzs; LP (1) O1z—0* OsHis; LP (2) O1s—0* OsHys), in conformer XIl (LP (1) Oiz—0* OzHus; LP (2) O1s—0* OsHug), in conformer XIll (LP (1) O—0*
NiHazs; LP (2) O2—0* NisHzs; LP (1) O1s—0* OsHis; LP (2) O13—0* OsHis), in conformer XIV (LP (1) O;—G* NygHz). “Enthalpy of the intramolecular hydrogen bond calculated

using the empiric equation of Rozenberg.
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Figure 111.2.1.6. Correlation between the values of the Laplacian of electron density, NBO charge transfer orbital
interaction energies (kcal/mol) and Rozenberg's enthalpies (kcal/mol) of all the individual intramolecular
hydrogen bond in DHSDP.
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Total enthalpy of H-bond in this set of conformers varies from 11.30 to 5.94 kcal/
mol. The least stable set of conformers attending to the AH value correspond to that
where only one intramolecular hydrogen bond is established (i. e. conformers XIV, Xl and
VII). Apart from conformer IX, the enthalpy value is not in total accordance with the
stability order predicted by E, energies at the same level of theory.

Figure 111.2.b.4 shows the correlation obtained between V2p(r) at each BCP,
NBO orhital interaction energies and calculated enthalpies of individual H-bond. As can be
seen, the correlation obtained between the three considered parameters is good. The
strongest individual hydrogen bond is found in conformer X (0,5 ... O3H;5) with a V2 p(r)
value of 0.145972 as shown in Table I11.2.b.3.

Ring Anomeric Effect

The stabilizing electronic delocalizations derived from the ring anomeric effect
were evaluated in the frame of NBO population analysis. Table 111.2.b.4 outlines the NBO
data used to evaluate it along with the NBO data used to evaluate GAE.

Table 1ll.2.b.4. NBO data used to evaluate ring and generalized anomeric effects in the set of
DHSDP conformers.

MP2/ ccpvVDZ
Interaction E®, (keall mol)
| Il i V. V. VI VIl vil X X X Xl X Xv
LP(1)0»— 0" Si03 234 185 247 248 216 179 299 485 326 368 546 344 272 245
LP(1) 02— 0*SiCs 225 284 181 243 259 212 218 177 271 266 - 221 244 266
LP(1) 02— 0+ SiCs 330 3.04 256 198 279 227 076 - 147 142 076 0.71 148 129
LP (2) 02— o* Si03 11.95 13.41 11.35 12.60 14.81 13.30 590 7.63 991 9.60 - 160 9.21 10.67
LP(2)0»— 0" SiCs 788 699 884 - - - 136 062 0.66 0.68 498 10.13 - -
LP(2) 02— 0" SiCs - - - 905 861 747 9.04 990 9.06 943 7.72 344 946 764
LP(1)03—>0*Si0, - 060 0.90 235 216 160 3.44 165 053 - 416 322 337 123
LP(1)0s— 0" SiCs 141 196 327 228 279 266 093 257 054 069 087 - 130 348
LP (1) 03— 0" SiCs 514 399 204 173 259 281 282 306 463 521 321 344 225 270
LP (2) 03— o* Si02 17.16 16.46 16.07 12.67 14.81 1442 0.53 15.73 13.18 15.07 082 146 - 1588
LP(2 03— 0o SiCs 157 091 539 - 861 - 1104 - 661 445 11.28 11.90 10.76 5.71
LP(2) 03— 0*SiCs 282 464 - 804 - 697 658 756 - 072 724 585 8.08
YRAE? 17.16 17.06 30.79 30.10 33.94 31.11 3.97 29.86 13.71 15.07 10.44 4.68 3.37 13.12
Y. GAEP 55.82 56.69 52.70 55.61 61.92 55.41 47.57 55.34 52.56 53.61 46.50 47.4 51.07 53.71
aStand for the ring anomeric effect. The individual contribution to the RAE of each conformer according to the
position (endo or anomeric substituent) of O, and Oz oxygen atoms in the pseudo-cycle are shown in bold.
bStand for the generalized anomeric effect.

The highest value of Y RAE is calculated for conformer V whose hydroxyl groups
are both oriented in axial arrangement with respect to the corresponding ring plane.
Conformers |, Ill, IV, VI and VIII are calculated to be stabilized almost in the same
magnitude since their arrangement of —OH groups is equivalent, having the anomeric
substituent oriented in axial disposition with respect to the corresponding ring planes.

Conformers II, IX and X are also stabilized in a similar extent. —OH arrangement in these
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conformers is rather similar, being the anomeric —OH groups in axial/lequatorial
disposition with respect to the corresponding ring planes. Conformers IX and X are
characterized for the presence of one hydroxyl group acting as proton acceptor and as
donor at the same time. The stabilization by RAE in this pair of conformers is similar.
Conformers with all —OH groups in equatorial arrangement with respect to the ring plane
are calculated to be the least stabilized by RAE, as expected. In this sense, conformers
VI, X1, XIl, XIl and X1V are the least favored by ring anomeric effect. The presence of one
hydroxyl group acting as electron donor and electron acceptor simultaneously in
conformers Xl and XIV may explain their higher value of Y RAE.

Generalized Anomeric Effect

In Table I11.2.b.4 the NBO data set used to the evaluation of the generalized

anomeric effect is reported.
Y'GAE in the set of conformers is fairly similar for those where both hydroxyl groups are in
gauche/gauche arrangement. Among these conformers, conformer V is that with the
highest value of Y GAE. Conformers with gauche/trans disposition of —OH groups are
calculated to be rather less stabilized by generalized anomeric effect. In this group of
conformers it is noteworthy the case of conformers IX and X which, in spite of having their
—OH groups disposed in gt arrangement, are calculated to be stabilized almost in the
same extent as conformers gg.

Stabilization of each molecular conformation is due to a summatory of stabilizing
and destabilizing factors. The folding of the long side chains in DHSDP, which is promoted
by the establishment of intramolecular hydrogen bond, may cause additional destabilizing
interactions.

The energy lowering derived from the hydrogen bond formation could be
compensated by ,mainly, steric effects that arise from the geometry adopted by the alkyl
side chains when the H-bond is established. This could explain the differences between
the stability order predicted considering E, energies and the enthalpies of H-bonds, as

well as the discrepancies found when RAE and GAE are evaluated.

Solvent calculations

Each molecular conformation was optimized in water solution using the PCM
approximation (B3LYP/ aug-cc-pVTZ). The stability order in water solution does not

follows the same trend than those obtained in gas-phase at the same level of theory.
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Table 111.2.b.5 shows the main geometrical parameters calculated in gas-phase and in

water solution for the set of conformers at the B3LYP/ aug-cc-pVTZ level of theory. Dipole

moments and solvation energies (AE(ESO”) of each molecular conformation are also
reported.

All molecular conformations are stabilized in water solution as evidenced by the

AE(ES"” values. Intramolecular hydrogen bonding length of the set of conformers
diminishes in water solution and the dipole moments increase in aqueous media.

Some of the conformers undergo a change in the optimized geometry in water
solution. Conformers II, IV, VI, IX, are re-arranged in water solution which results in a
reduction in the number of H-bond in these systems.
Table 111.2.b.5. Compared geometries, dipole moments and relative energies for DHSDP conformers

in the isolated molecule approximation and in water solution, along with their solvation energies

(AESSOI)).

Gas-phase? (B3LYP/aug-ccpVTZ)
| m v vV VEVIEvIE X X XE X X XV
182.2 183.6 227.9 197.1 183.8 223.1 184.9 197.8 198.6 176.4 182.4 183.4 203.7 199.3

Geometrical parameter

r H-bond 195.6 227.3 238.2 213.0 183.8 243.0 - 227.2 229.6 201.0 1989 - 2180 -

= = - 2545 = - 2324 258.7 - = = = =
1 Si02 166.8 166.8 166.8 166.2 1646 166.8 166.9 167.4 166.1 166.1 167.6 166.6 165.9 167.8
r SiOs 165.8 165.8 166.3 166.8 ~ " 166.4 164.9 165.7 165.9 165.6 164.5 165.0 165.5 166.0
r SiCs 187.8 188.8 189.8 187.3 189.9 188.4 188.4 187.3 188.8 187.8 187.8 187.5 189.5 187.8
1 SiCs 188.7 188.8 188.4 189.9 "~ 189.8 189.3 190.1 189.0 189.9 189.4 189.6 190.4 187.1
r CeNio 135.6 136.3 1355 135.7 135.7 136.4 136.2 135.8 135.7 135.7 135.8 136.5 135.8 135.8
I CoNu1 135.5 135.6 136.4 1353 " 1354 135.8 135.2 135.4 135.3 135.5 135.6 135.2 136.2
r CgOu2 122.2 122.0 122.8 122.2 1225 121.9 122.1 122.2 122.6 122.2 122.1 121.8 1225 122.0
r Co0u3 122.7 122.7 122.0 122.8 =~ 122.8 122.6 122.9 122.9 122.8 1225 122.5 123.1 121.7
~0Si0 110.7 112.0 1122 111.7 115.6 112.2 108.7 111.8 110.6 111.5 107.5 108.7 107.2 110.1
1 (Debye) 898 6.17 3.83 1049 755 3.37 4.17 10.68 0.64 6.61 9.02 2.83 2.18 2.20
AE  (kcal/mol) 006 0.65 0.79 088 0.83 098 0.00 1.13 181 178 1.78 0.63 4.17 535

Water solution2 (PCM-B3LYP/aug-ccpVTZ)
171.4 174.8 214.3 169.0 1722 174.9 172.4 192.6 171.9 168.6 171.5 1725 227.1 191.0

r H-bond 190.8 - 24111922 1722 - - 2700 - 1917 - = = =

= = = = = = - 2369 - = = = = =
r Sioz 166.4 166.8 167.1 166.4 165.8 167.0 166.4 167.7 166.7 166.2 167.0 166.4 166.5 166.9
r SiOs 166.5 166.1 166.9 166.5 165.8 166.1 165.9 166.5 165.6 166.4 166.5 165.9 166.5 166.1
r SiCs 188.2 188.2 189.3 187.9 189.0 188.2 188.1 187.8 188.3 188.0 188.2 187.9 187.9 188.2
r SiCs 188.1 188.5 187.9 188.7 189.1 188.9 189.1 188.9 189.4 189.4 134.2 190.0 189.5 187.7
r CeNio 134.2 134.6 134.2 134.3 133.8 134.7 134.6 134.6 134.6 134.2 133.8 134.5 134.6 134.2
I CoNu 133.8 133.9 135.0 133.7 133.8 133.9 133.8 134.1 133.8 133.6 133.8 133.8 134.2 1345
1 CgO12 123.8 123.4 123.7 123.8 124.2 123.3 1234 123.4 123.4 123.8 123.8 123.5 1235 123.7
1 Co013 124.3 124.2 123.0 1243 124.2 124.1 124.2 123.8 124.3 124.4 124.2 124.2 123.7 1234
£0Si0 110.6 111.6 111.7 109.7 1109 111.1 110.6 111.3 110.9 111.8 110.1 110.0 110.1 111.1
1 (Debye) 12.23 582 856 14.60 12.37 544 8.42 14.22 5.08 12.20 13.89 7.30 7.36 2.64
AE, (kcalimol) 228 091 14.85 227 206 195 1.39 14.33 2.86 2.76 2.30 0.00 1.87 0.80

AEff‘") (kcal/ mol) ~ -25.63 -27.60 -13.79 -26.46 -26.63 -26.89 -26.47 -14.65 -26.81 -26.87 -27.34 -28.50 -30.15 -32.40
aBond distances in pm.

Those conformers which have the higher number of equatorial substituents are

much stabilized in water solution attending to their solvation energies. Additionally, and in
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general, equatorially arranged conformers are more stable in solution, which is also in

accordance with the electrostatic explanation of RAE [174].

Mzb4  CONCLUSIONS

198

Potential energy surface (PES) of DHSDP has been analyzed at the B3LYP/ 6-
31+G* level of theory, revealing the existence of fourteen molecular conformation.
Most of the structures isolated from the PES are characterized for the occurrence
of intramolecular hydrogen bonding between hydroxyl groups and adjacent amide
groups, resulting in pseudo-cyclic structures. In some cases, more than one
intramolecular H-bond is possible. This fact can be on the basis of their higher
stability contrasting alkylsilanediol analogues, which readily undergo
polymerization.

AIM analysis, NBO calculations and Rozenberg's enthalpy-distance relationship
have been used to characterize and evaluate strength of individual hydrogen
bonds in the set of conformers. There exist a remarkable correlation between the
calculated values of the V2p(r) at each BCP, NBO orbital interaction energies
and enthalpy values among the set of conformers considering the 14 different
conformers that present intramolecular hydrogen bonding (in gas-phase).

The strength of the hydrogen bond and the magnitude of the ring and generalized
anomeric effects have been put together in order to justify the stability order of
conformers. The occurrence of additional destabilizing interactions, such as steric
effects, in the set of conformers of DHSDP as the side chains are folded to
establish H-bond, makes that the calculated parameters used to quantify the
stabilization arising from the hydrogen bond formation, RAE and GAE do not
correlate with the order of stability in gas-phase by AE,, energies.

Solvent calculations have been performed over the series of conformers to
evaluate the influence of aqueous media in the structure and stability of the
systems studied. Conformers with larger number of equatorial anomeric

substituents are calculated to be more stable in solution (as demonstrated by their

AE(ES"” values.) which, in fact, is in accordance with the electrostatic explanation

of RAE.
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BLOQUE 3: Sintesis y caracterizacion experimental de derivados difenilicos precursores
de meltilsilanodioles sencillos

En este blogue se recogen los detalles de la ruta sintética desarrollada para la
sintesis de peptidomiméticos silanodidlicos sencillos, asi como la caracterizacion
estructural tedrico-experimental de los intermedios estables aislados durante la misma,
los cuales pueden ser considerados como compuestos precursores de los mencionados
silanodioles.

El estudio experimental de los citados compuestos modelo de peptidomiméticos
silanodiélicos de tamafio moderado se vio imposibilitado debido a la dificultad que supuso
la obtencion de los mismos en estado puro, ya que, ninguna la especies estudiadas
durante el desarrollo de esta Tesis estaban disponibles comercialmente por lo que, previo
a su estudio, fueron sintetizadas por A. Marchal del Departamento de Quimica Organica
de la Universidad de Jaén. En el caso de los derivados peptidomiméticos, la sintesis no
ha fructificado de momento. Por este motivo, todos los estudios realizados para estas
especies han sido de caracter puramente tedrico. No obstante, se ha realizado un notable
esfuerzo que ha conducido a la propuesta de una nueva ruta para la sintesis de derivados
de metilsilanodiol con un grupo aminocarbonil en B con respecto al atomo de silicio
(compuesto A, Figura 1.2.1 Objetivos), que pueden considerarse como modelos sencillos
de sistemas que han mostrado actividad biol6gica como inhibidores de proteasas.

Durante el desarrollo dicha ruta se aislaron hasta cinco intermedios de reaccion
estables, a saber, clorometil(metil)difenilsilano, 2-{[metil (difenil)sililjmetil}-1H-isoindol-
1,3(2H)-diona, N-[(metil (difenil) silanil)-metil]-benzamida, N-[(metil(difenil)silil)-metil]-
acetamida y  N-[(metil(difenil)silil)-metil]-formamida, precursores de los citados
metilsilanodioles, con los que se esté trabajando en la actualidad.

Cada uno de estos intermedios, cuyas estructuras moleculares y espectros
vibracionales no habian sido objeto de estudio hasta la fecha, han sido caracterizados.
Asi, se realizé un estudio conformacional tedrico, mediante calculos DFT (B3LYP/ 6-
311++G*), que permitid definir tres conformaciones moleculares para cada especie que
difieren en la posicién relativa de la cadena lateral respecto del enlace Si — CH; (anti,
gauche+ y gauche-, con valores de angulo diedro de ~180° de ~60° y de ~-60°,
respectivamente). Para el intermedio 2-{[metil (difenil)sililjmetil}-1H-isoindol-1,3(2H)-diona,

la conformacién anti de la cadena lateral no era minimo real en la PES de la molécula,
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pero si lo era la conformacién eclipsada del anillo de ftalimida y del grupo fenilo. Esta
estructura también se caracterizd como minimo real a nivel MP2/ 6-31+G*,

Los valores de energia relativa de los conférmeros de cada especie eran, en
todos los caso, inferiores a 1 kcal/ mol, de manera que la contribucién a la composicion
tedrica total de la muestra en fase gas era muy similar para el conjunto de conférmeros de
un sistema dado. Por esta razon, en el andlisis vibracional de los espectros IR y Raman
registrados se tuvieron en cuenta todos las conformaciones de cada especie. Sin
embargo, para el intermedio 2-{[metil (difenil)sililjmetil}-1H-isoindol-1,3(2H)-diona (cuya
estructura cristalina se dilucidd mediante difraccion de rayos X de monocristal en
colaboracion con el grupo del Prof. Chick C. Wilson de la Universidad de Bath) sélo se
consideraron los denominados conférmeros gauche+ y gauche-, puesto que esta especie
cristaliza en grupo espacial P 2i/c, con ambos conférmeros g+ y g- presentes en el
empaquetamiento del cristal. La estructura molecular tedrica (B3LYP/ 6-311++G*¥)
determinada para esta especie, reprodujo la estructura experimental determinada por
difraccién de rayos X de monocristal (RMS=0.0240), lo cual confirmd la idoneidad del uso
de esta estructura tedrica para el calculo de sus nimeros de onda vibracionales.

Finalmente, los espectros IR y Raman de las citadas especies fueron asi
registrados y completamente asignados con el soporte de los célculos DFT realizados
para cada intermedio y teniendo en cuenta las diferentes conformaciones posibles de los
mismos.

La metodologia empleada para este estudio y los resultados que han sido
expuestos someramente en este resumen, quedan detallados en el articulo cientifico
“Synthesis and structural study of precursors of novel methylsilanediols by IR and Raman
spectroscopies, single-crystal X-ray diffraction and DFT calculations” que actualmente se
encuentra bajo revisién en Spectrochimica Acta part A, cuya version previa a la impresion
y ligeramente modificada para dar cabida a informacidn adicional, queda recogida en las

siguientes paginas.
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Synthesis and structural study of precursors of novel methylsilanediols by IR and
Raman spectroscapies, single-crystal X-ray diiffraction and DFT calculations
M. P.G. Rodriguez Ortega: M. L. Docampo, L. H. Thomas, M. Montejo, A. Marchal Ingrain,
C. C. Wilson, J. J. Lopez Gonzalez
Spectrochimica Acta part A
ABSTRACT

On the way towards the development of a synthetic route aimed at obtaining
new methylsilanediol derivatives with an aminocarbonyl group in 8 to silicon (which may
have a potential biological interest), we have synthesized, isolated and purified five
diphenylic possible precursors, namely chloromethyl(methyl)diphenylsilane, 2-{[methyl
(diphenylsilyljmethyl}-1H-isoindole-1,3(2H)-dione, N-[(methyl (diphenyl) silanyl)-methyl]-
benzamide, N-[(methyl(diphenyl)silyl)-methyl]-acetamide and N-[(methyl(diphenyl)silyl)-
methyl]-formamide.

The conformational landscape of the five species in this study are explored by means of
DFT calculations at the B3LYP/ 6-311++G** level. The theoretical molecular structures
predicted are confirmed by the reproduction of their respective IR and Raman spectral
profiles, that are completely assigned. Some evidence in the vibrational spectra points to
the occurrence of conformational mixtures in the samples.

Further, single-crystal X-ray diffraction has allowed the elucidation of the crystalline
structure of 2-{[methyl(diphenyl)silyljmethyl}-1H-isoindole-1,3(2H)-dione.

Keywords
Organosilanes, synthesis, IR, Raman, single-crystal X-ray diffraction, DFT.
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M3ai  INTRODUCTION

Silicon is the second most abundant element on earth and the one most similar
to carbon. This close chemical analogy has been the inspiration for many studies of silicon
as a potential replacement for carbon, particularly in biologically active molecules.
[175,176] The most notable example of this is the claim of silanediols as bioisosteres of
the hydrated amido group and their application in the development of peptidomimetics as
protease inhibitors. [4,5] The gem-silanediol group is most stable in its tetrahedral
configuration than the corresponding geminal carbinol that readily undergo dehydration
and, therefore, interaction with active site of protease is favored through hydroxyl groups
which are excellent hydrogen bond donors and acceptors. [177,178,99] Nevertheless,
previous attempts to inhibit hydrolases with relatively simple silanediols found them to be
inactive. [20] This may be attributed to the fact that dialkylsilanediols with small side chains
are prone to fast polymerization while steric effects of the bulky groups prevent silanediols
from this process through the screening of OH groups. The structure of silanediols
successfully used as protease inhibitors, contains aminocarbonyl and amide groups in
and y positions to silicon. [4,10]

Thus, a theoretical-experimental analysis of the molecular structure of this type
of silanediol would help achieve a better understanding of the mechanisms of stabilization
of the Si(OH), functionality, and which could be related to their potential biological role.
For this task, we are working on the preparation of a significant set of relatively simple
methylsilanediols which are structurally related to those that have proven biological
activity.

We report our first efforts to synthesize a new set of these methylsilanodiols,
specifically those containing an aminocarbonyl group on the g position relative to the
silicon (Figure 11.3.a.1). In this work, our goal has been to perform a thorough structural
analysis of five diphenylsilyl intermediates, obtained synthetically and isolated and purified

for the first time, which could be used as precursors of the mentioned silanediols.

HO, OH
AN

RYNVS L
0

Figure 11.3.a.1. Molecular scheme of methylsilanediols with an aminocarbonyl group in the 8 position relative to
the silicon.
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We present the joint theoretical study and experimental characterization of the
following structurally related species: chloromethyl(methyl)diphenylsilane (intermediate 2),
2-{[methyl(diphenyl)silyljmethyl}-1H-isoindole-1,3(2H)-dione  (intermediate  3),  N-
[(methyl(diphenyl)silanyl)-methyl]-benzamide (intermediate 5a), N-[(methyl(diphenyl)silyl)-
methyl]-acetamide (intermediate 5b) and N-[(methyl(diphenyl)silyl)-methyl]-formamide
(intermediate 5¢). We have performed a thorough theoretical (DFT) conformational
analysis of all the species. Further, the crystal structure of the so called intermediate 3 has
also been determined using single crystal X-ray diffraction.

IR and Raman spectra of the five species have also been measured and the
bands assigned showing, in some cases, evidence of conformational mixtures in the

samples.

M3az  MATERIALS AND METHODS

M.3a2l1 Synthesis

Reagents were purchased from commercial sources and used without further
purification. Solvents were dried as described elsewhere. [179] Reactions were followed
by thin layer chromatography (TLC). This was performed on Merck Silica Gel 60GF2s4
aluminium precoated foils (0.2 mm) using fluorescent indicator and spots were visualized
using ultraviolet radiation or using the ninhydrin test. Flash chromatography was
performed using silica gel Merck 60 (particle size 0.040-0.063 mm). Melting points (m.p.)
were determined in open capillaries in a Electrothermal 1A9000 series digital melting point
apparatus and are uncorrected. H, 13C and 2°Si NMR spectra were recorded on a Bruker
Avance 400 spectrophotometer operating at 400 MHz, 100 and 79.49 MHz respectively,
using CDCls and [Ds] DMSO as solvents and tetramethylsilane as the internal standard.
The following abbreviations were used for the multiplicity of signals in H-NMR: (s) singlet,
(d) doublet, (m) multiplet, (bs) broad singlet. Mass spectra were run on a SHIMADZU-
GCMS 2010-DI-2010 spectrometer (equipped with a direct inlet probe) operating at 70 eV.
High resolution mass spectra were recorded using a Waters Micromass AutoSpec-Ultima

spectrometer (equipped with a direct inlet probe) operating at 70 eV.
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Chloromethyi(methyl)diphenylsilane (2):

Dichloro(chloromethyl)methylsilane (6 mL, 0.041 mol) was added drop-wise over
a period of 30 min under an argon atmosphere to a stirred solution of commercial
phenylmagnesium bromide in diethyl ether (41 mL, 0.123 mol). The mixture was then
refluxed for 16 h and subsequently poured into ice water (150 mL). The mixture was
extracted with diethyl ether (2 x 100 mL) and the extract washed with three 100 mL
portions of water and then dried over anhydrous sodium sulfate. Finally, the solvent was
removed in vacuo and the residue was purified by Flash chromatography (n-hexane)
producing 2 as colourless oil (8.13 g, 80 %). *H NMR (400 MHz, CDCls, 25°C) & (ppm):
7.65-7.62 (M, 4H, Ar), 7.49-7.42 (m, 6H, Ar), 3.31 (s, 2H, —CH,), 0.78 (s, 3H, —CHs);
13C NMR (100 MHz, CDCls) & (ppm): 134.6, 134.2, 129.9, 128.0, 28.8 (—CH,), -5.6
(—CH,); 2Si NMR (79.49 MHz, CDCls) & (ppm): -8.95; MS (EI, 70 eV): 246 (M*, 1), 197
(100), 165 (7), 105 (8); HR-MS (El): C1HisCISi calculated 246.0632, found. 246.0624.
Anal. Calcd for C14H15CISi (246.81): C, 68.13; H, 6.13. Found: C, 68.16; H, 6.17.

2-{fmethyi(diphenyi)silylimethyi}-1H-isoindole-1,3(2H)-dione (3):

Potassium phtalamide (8.14 g, 43.96 mmol) was added to a solution of 2 (7.23 g,
29.31 mmol) in anhydrous DMSO (100 mL) at room temperature and the solution was then
heated to 100 °C until no starting material was visible by TLC (ca: 18 h. Eluent:
hexanelethyl acetate 8:2 v/v). After the mixture was cooled to room temperature it was
subsequently poured into ice water (300 mL). The solid was filtered off, washed with water
and n-hexane and recrystallized from EtOH to produce compound 3 as a yellow solid (7.54
g, 72 %). M.p. 91-93 °C;1H NMR (400 MHz, DMSO-ds, 25°C) & (ppm): 7.73 (m, 4H, Ar),
7.52 (m, 4H, Ar), 7.34 (m, 6H, Ar), 3.61 (s, 2H, -CH2), 0.68 (s, 3H, —CHs); 3C NMR (100
MHz, DMSO-d6) & (ppm): 167.7 (C=0), 134.6, 134.2, 134.1, 131.4, 129.6, 127.8, 122.6,
26.6 (—CH,), 4,2 (—CHs); 2Si NMR (79.49 MHz, DMSO-ds) & (ppm): -8.65; MS (EI, 70
eV): 356 (M-H, 9), 342 (8), 280 (100), 266 (31), 197 (66), 105 (11); HR-MS (E):
Ca2H1sNO2Si-H calculated 356.1107 [M-H], found 356.1112 [M-H]. Anal. Calcd for
C22H1sNO:Si (357.48): C, 73.92; H, 5.36; N, 3.92. Found: C, 73.89; H, 5.40; N, 3.88.
[(Methyldiphenyl)silyi)]-methanamine (4):

Hydrazine monohydrate (5.9 mL, 78.67 mmol) was added to a solution of 3 (3.00

g, 8.39 mmol) in a mixture of THF and methanol (40 ml, 1:1, v/v) under an argon
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atmosphere. The solution was heated to 65°C until no starting material was observable
using TLC (ca: 4 h. Eluent: hexanelethyl acetate 8:2, v/v) and then was cooled, filtered,
washed with THF and finally concentrated in vacuo. The residue was washed with water
and extracted with four 20 mL portions of toluene. Organic extract was dried over Na2SQOa,
filtered and the solvent removed in vacuo to give compound 4 as a colourless oil (1.73 g,
90 %). 'H NMR (400 MHz, DMSO-ds, 25°C) & (ppm): 7.49 (m, 4H, Ar), 7.36 (m, 6H, Ar),
2.55 (s, 2H, —CH,), 0.53 (s, 3H, —CH); 3C NMR (100 MHz, DMSO-ds) & (ppm): 136.1,
134.3, 129.2, 127.8, 28.4 (—CH,), -5.9 (—CHs;); 2Si NMR (79.49 MHz, DMSO-ds) &
(ppm): -9.51.

N-[{methyi(djphenyi)silanyi)-methyiJ-benzamide (53):

Benzoyl chloride (0.8 mL, 7.26 mmol) in dry toluene (5mL) was added drop-wise
to a solution of freshly obtained 4 (1.10 g, 4.85 mmol) and EtsN (6.1 mL, 43.54 mmol) in
dry toluene (10 mL) at 0 °C under an argon atmosphere. The mixture was stirred and
warmed to reflux until no starting material was observable using TLC (ca: 5 h. Eluent:
CH2Cl2/MeOH 9:1, viv) and then, 20 % aqueous K2COs (20 mL) was added at room
temperature. The organic layer was separated and aqueous layer extracted twice with
toluene (10 mL). The combined organic extracts were washed with saturated aqueous
NaCl, dried over Na:SO4, and finally the solvent was removed in vacuo. Flash
chromatography (CH2Cl/MeOH, 99:1, v/v) resulted in 5a as a pure pale yellow solid (0.52
g, 32 %). M.p. 82-84 °C; 1H NMR (400 MHz, CDCls, 25°C) & (ppm): 7.60-7.24 (m, 15H, Ar),
5.85 (bs, 1H, -NH), 3.48 (d, J = 5.6 Hz, 2H, —CH,), 0.67 (s, 3H, —CH,); 13C NMR (100
MHz, CDCls) & (ppm): 167.8 (C = 0), 134.8, 134.6, 134.3, 133.9, 131.1, 130.0, 129.8,
128.5, 128.3, 127.8, 126.6, 27.6 (—CH,), -5.0 (—CHs); 2Si NMR (79.49 MHz, CDCls) &
(ppm): -8.54; MS (EI, 70 eV): 331 (M, 13), 330 (M-H-, 43), 316 (14), 254 (93), 240 (69);
197 (100), 105 (42), 77 (29); HR-MS (EI): C21H20NOSi-H calculated 330.1314 [M-H], found
330.1320 [M-H].

N-[{methyi(djphenyi)sily))-methyi]-acetamide (55):

A mixture of freshly obtained compound 4 (0.63 g, 2.77 mmol) and acetic
anhydride (6 mL) was stirred at room temperature until no starting material was
observable using TLC (ca: 2 h. Eluent: CH2Cl/MeOH 9:1, v/v) and then CH2Cl> (15 mL)

and water (15 mL) were added. The aqueous layer was extracted twice with CHzCl> (15
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mL) and then all the organic extracts were put together, washed with 20 % aqueous
K2COs (20 mL) and dried over MgSOsa. Finally, the solvent was removed in vacuo and the
residue was purified by Flash chromatography (CH2Clo/MeOH, 95:5, viv) to give 5b as a
colourless oil (0.45 g, 60 %).

1H NMR (400 MHz, CDCls, 25°C) & (ppm): 7.51 (m, 4H, Ar), 7.38 (m, 6H, Ar), 5.19 (bs, 1H,
NH), 3.29 (d, J = 5.6 Hz, 2H, CHz), 1.88 (s, 3H, CHs), 0.61 (s, 3H, CHs); 13C NMR (100
MHz, CDCls) & (ppm): 170.3 (C = 0), 134.5, 134.3, 129.9, 128.2, 27.3 (—CH,), 23.1
(—CHs), -5.1 (—CHs); 2Si NMR (79.49 MHz, CDCI3) & (ppm): -8.99; MS (EI, 70 eV): 268
(M-H-, 7), 254 (17), 197 (94), 192 (100), 178 (58), 137 (28); 105 (21), 43 (7). HR-MS (EI):
C16H1sNOSI-H calculated 268.1158 [M-H], found 268.1163 [M-H]

N-[{methyi(dijphenyi)sily))-methyiJ-formamide (5c):

A mixture of freshly obtained compound 4 (1.00 g; 4.40 mmol), aqueous 95 %
formic acid (0.67 mL, 17.59 mmol) and sodium formate (0.072 g, 0.88 mmol) in toluene
(10 mL) was heated under reflux using MS 3A until no starting material was observable
using TLC (ca: 24 h. Eluent: ) and then, 30 % aqueous K2COs (20 mL) was added. The
organic layer was separated and the aqueous layer extracted twice with toluene (10 mL).
The combined organic extracts were washed with saturated aqueous NaCl and dried over
MgSO:s. Finally, the solvent was removed in vacuo and the residue was purified by Flash
chromatography (CH2Clo/MeOH 95:5, viv) to give 5¢ as a yellow oil (0.60 g, 53 %).
1H NMR (400 MHz, CDCls, 25°C) & (ppm): 8.10 (s, 1H, CH), 7.52-7.38 (m, 10H, Ar), 5.28
(bs, 1H, NH), 3.32 (d, J = 5.8 Hz, 2H, —CH,), 0.62 (s 3H, —CHs); *C NMR (100 MHz,
CDCl3) & (ppm): 161.4 (C = 0), 134.5, 134.0, 130.0, 128.3, 25.8 (—CH,), -5.2 (—CHs);
295i NMR (79.49 MHz, CDCl3) & (ppm): -9.08. MS (El, 70 eV): 254 (M-H, 4), 240 (9); 197
(100); 178 (66); 164 (37); 137 (16), 105 (18). HR-MS (EI): CisHisNOSi-H calculated
254.1001 [M-H], found. 254.0995 [M-H].

Crystals of 2-{[methyl(diphenyl)silyljmethyl}-1H-isoindole-1,3(2H)-dione
(intermediate 3) were grown by slow evaporation (at 40°C) of dissolutions of the sample in
diethylether/hexane (1:1) mixtures. Small, pale orange block crystals of the sample were
obtained. X-ray diffraction data were collected at 100K on a Rigaku R-axis/RAPID image

plate diffractometer equipped with an Oxford cryosystems Nz low temperature device,
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using graphite monochromated MoKa radiation (4 = 0.71075 A). The crystal structure
was solved using direct methods and the program SHELXS-97 [180] and refined using
SHELXL-97 [181] against |F?| using all data, as implemented in the WinGX program suite.
[182] Non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen
atoms were identified in a Fourier difference map and were allowed to refine freely. Crystal
data at 100K: formula C22H1sNO,Si, M= 357.48 g/mol, X-Ray (100K): Monoclinic, space
group P2i/c, a= 7.8360(6), b= 29.6480(3), c= 7.9145(8) A, a= 90, B= 92.247(7), y=90,
V= 1837.3(3) A3, Z= 4, p= 1.292 gem3, u= 0.144 mmL, F(000)= 752. A total of 20901
reflections (3.3° < 6 < 27.5) were collected, 4199 unique (Rin=0.0352), R=0.0381 for
3452 reflections with 1 > 2¢(I), and R= 0.0488 for all reflections, wR2= 0.0992, p,;
(max, min)= 0.389 and -0.273 e A3, GOOF(S)= 1.069. All other refinement details are
available in the CIF (CCDC: 922163).

IR spectra of the samples were recorded in the MIR and FIR regions using a FT-
IR Bruker Vertex 70 spectrophotometer equipped with a ceramic internal air cooled
source, KBr optics (for MIR) and polyethylene optics (for FIR) and a DLaTGS detector.
Raman spectra of the samples were recorded using a MultiRAM Stand Alone FT-Raman
Spectrometer, equipped with an Nd:YAG laser (excitation line at 1064 nm) and a Ge
detector cooled at liquid nitrogen temperature. All spectra were recorded with a resolution

of 1 cmt and 100 scans.

Mn3a3 THEORY

All DFT calculations were performed using the Gaussian 09 suite of programs
[155]. Geometry optimizations and frequency calculations were carried out using the
Becke’s three-parametric hybrid exchange functional (B3) [108] combined with the Lee-
Yang-Parr correlation functional (LYP) [109] in conjunction with the 6-311++G** basis set
[112). Each stationary point obtained was characterized by the computation of the

harmonic vibrational spectra at the same level of theory.
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M.3.a4. RESULTS AND DISCUSSION

Along the synthesis route towards 6 (Figure 111.3.a.2) with an aminocarbony!
group in B to silicon, five apparently simple silanodiol derivatives have been generated
from the common starting point of treating commercial chlorosilane 1 with 1.5 eq of
phenylmagnesium bromide in diethyl ether according with the procedure reported by Hu et

al [183] and improved by Larson et al. [184].

Q.0 ox O ©
Si MQBf s. HNNH ‘H,0

HaC’ -
s ll BuO,reflux, 16h HaC WI Dvso,0°C.oh  HC N THF/MEOH, reflux, 4 h
O
1 _
Aldrich Oil, 80 % 3
white solid, 72 %
m.p. 91 °C
©\ Q BzCl, E;N, Tol flux, 5 h @\ /@ " TIOH
a: BzCl, EN, Toluene, reflux, 5 h —_— o
“Si b: AcyO,1t, 2 h Si CHyCly, - 5°C Ho:Si'OH
ch W c: HCO,H, Toluene, reflux, MS, 3 A, 24 h HsC W 2) NH4OH, rt HiC j
NH HN _R ——— HN__R
’ s I 6 I
o (e}

uncolored oil, 90 %
a: R = C¢Hs; pale solid, 32 %
b: R = CHj; uncolored oil, 60 %
c: R=H; yellow oil, 53 %

Figure 1l.3.a.2. Synthetic route to silanodiols containing an aminocarbonyl group in the 8 position relative to the
silicon.

The preparation of any silanol typically requires that the hydroxyl groups be
masked or protected along the synthetic route in order to avoid self-condensation. Phenyl
groups were selected for this purpose because of their ability to assist in stabilizing
intermediates and the possibility of removing these groups at the end under acid
conditions compatible with amide groups. Then, the nitrogen was introduced as a
phtalimide.

Treatment of chloromethylsilane 2 with potassium phthalimide gave 3 in 72 %
and removal of the phthalimide group with hydrazine under standard Gabriel conditions
gave the corresponding amine 4 as a colourless oil in an excellent yield. [10]

This amine decomposes easily, and therefore must be stored in a dark place
and under inert atmosphere and fresh samples used in further synthesis steps.

Treatment of this amine freshly obtained with benzyl chloride, acetic anhydrate

and formic acid under inert atmosphere, provided several representative amide moiety on

210



Capitulo IIl: 3.Sintesis y caracterizacion experimental de derivados difenilicos

the left-hand side of the structure 5a-c in moderate yielded using classical substitution
chemistry. [7,186-188]

With compounds 5 in hand, we are now working in the optimization of the final
key deprotection of phenyl groups. In this respect, a review of the literature reveals that
phenyls groups could be removed afterwards using an excess of triflic acid - TfOH — in

methylene chloride at 0°C, followed by addition of ammonium hydroxide. [5,188-190]

.3.a.4.2. Theoretical conformational analysis and molecular structure

The search for the conformers of the five intermediates (compounds 2, 3, 5a, 5b
and 5¢) was performed considering the relative orientation of the side chain with respect to
the Si — CH4 bond. The positions of the phenyl groups were not fixed during optimization
since their relative orientations have been proven to be fairly influenced by the positions
adopted by the side chains.

Three different conformations were found to be real minima (for which no
imaginary frequencies were computed) on the PES of the corresponding molecules, which
differ in the relative orientation of the substituents on the silicon center.

The side chains of the mentioned systems can be arranged in anti (A, 1809),
gauche+ (g+, +60°) and gauche— (g-, -60°) geometry respect to the Si — CH5 bond. The
case of intermediate 3 is noteworthy, for which the anti conformation was not a real
minima but an eclipsed (e) arrangement of the phthalimide and phenyl groups was found
instead. The e conformation of intermediate 3 was confirmed by ab initio calculations
(MP2/ 6-31+G*) performed for this system.

Figure 111.3.a.3 shows the different structures isolated from the corresponding
PES of the intermediates under study.

Table lll.3.a.1 shows the relatives energies (AEQ,, kcal molt) for the three
conformers of each intermediate along with their relative populations in gas phase (at
room temperature) calculated from AE,, values (B3LYP/ 6-311++G**) using the Boltzmann
distribution equation.

As shown in the table, conformer g- is the global minimum for intermediate 2 and
conformer e is the most stable for intermediate 3.

For each of the remaining species (5a, 5b and 5¢), conformer a represents the

global minimum. Nevertheless, the relative energy differences (AE,) among the three
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described conformers of each intermediate are less than 1 kcal/ mol, showing that the
contribution to the theoretical total sample composition of each conformer is very similar

within a given set of conformers of each system.

Intermediate (2)

gauche +

gauche -

Figure 11.3.a.3. Molecular conformations found to correspond to the global minima in the PES (B3LYP/ 6-
311++G**) of the five reaction intermediates into study (2-5¢).
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Table 111.3.a.1. Calculated molecular population and zero point corrected relative energies (AE,/ kcal
mol1) for the molecular conformations of intermediates 2, 3, 5a, 5b and 5¢ at the B3LYP/ 6-

311++G** level of theory.

Intermediate 2

A G+ G-
AE? (kcal/mol) 0.74 0.00 0.06
Population(%)°> 27.3 36.8 35.9

Intermediate 3

E G+ G-
AE, (kcal/mol) 0.00 021 021
Population(%) 353 324 323

Intermediate 5°

A G+ G
AE, (kcal/mol) 0.00 014 0.80
Population(%) 375 354 27.1

Intermediate 5b

A G+ G-
AE, (kcal/mol)  0.00 0.17 0.80
Population(%) 376 351 273

Intermediate 5¢

A G+ G
AE, (kcal/mol) 0.00 015 0.80
Population(%) 375 353 27.1

2AFE,, stand for zero point corrected relative energy. ® Theoretical population calculated using the Boltzmann

equation and taking T=298.16K.

.3.a.4.3. Single crystal X-ray study

Only intermediate 3 was suitable for study by mean of single crystal X-ray

diffraction. 2-{[methyl(diphenyl)silylimethyl}-1H-isoindole-1,3(2H)-dione (intermediate 3)

crystallizes in space group P 2i/c with both the g+ and g- forms present in the crystal

packing of the sample, as shown in Figure 111.3.a.4.

’_lb

Figure l1.3.a.4. Crystal structure :)f 2-{[methyl(diphenyl)silyllmethyl}-1H-isoindole-1,3(2H)-dione (intermediate 3)
viewed along the a-axis.

Comparison between the experimental and theoretical (gas-phase, B3LYP/ 6-

311++G**) molecular structures reveals a good match (RMS=0.0240) between theory and

experiment (see Figure 111.3.a.5).
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RMS= 0.0240

Experimental molecular structure
B3LYP/ 6-311++G** molecular structure

Figure 11l.3.a.5. Structural overlap between the experimentally determined molecular structure of intermediate 3
(red) and the calculated molecular structure (blue, B3LYP/ 6-311++G**).

As shown, there is a high level of similarity between the two molecular structures
with a slight difference in one of the phenyl rings. This fact confirms the suitability of using
the corresponding optimized theoretical structure (B3LYP/ 6-311++G**) for the
computation of the vibrational spectra and carrying out the subsequent vibrational analysis
and spectral assignment of the sample. The slight differences found between the
experimentally and theoretically determined structures can be attributed to effects of the
crystal packing. The most noteworthy dissimilarity between the experimental and
theoretical (DFT) structures is related to the arrangement of one of the phenyl groups
attached to the silicon center. In the DFT structure the plane containing one of the phenyl
groups is 14° twisted with respect to the plane containing the same phenyl ring in the
experimental molecular structure. The associated experimental value for the Si-C-C angle
is 122.0°(1) whereas in the theoretical model it is calculated to be 119.7°.

The crystal packing of the structure is dominated by CH — m (edge-to-face m
stacking) and offset = — 7 stacking interactions, which commonly are the main forces
governing the crystal structure of aromatic systems [191]. These two types of interactions
are established by both phenyl rings and the phthalimide group. Each phthalimide group
interacts through offset = — 7 stacking with another phthalimide group of a neighboring
molecule, with a distance of 3.369A between the planes containing each heterocycle. On

the other hand, both phenyl groups interact through CH edge-to-face m stacking with
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adjacent molecules. However, each phenyl group interacts in a different manner within a
given molecular unit. One of the phenyl groups acts as H donor making a CH edge-to-
face m stacking interaction with a neighboring phenyl ring of an adjacent molecule,
measuring 3.267 A between the centroid of the charge donor ring and the hydrogen atom
involved in the interaction. On the contrary, the other phenyl group within the same
molecular unit acts as double H acceptor and interacts through CH edge-to-face =
stacking simultaneously with a phthalimide aromatic unit (2.720A between the centroid of
the ring and the hydrogen atom) and a pheny! group (3.267A between the centroid of the
ring and the hydrogen atom) of two adjacent molecules, resulting in a double T-shape -
stacking interaction. This double T-shape interaction corresponds to the phenyl ring with
the most significant deviation from the calculated molecular structure, which was
performed under the isolated molecule approximation in which crystal packing effects such

as this were not taken into account.

The IR and Raman spectra of the five compounds under study are shown in
Figures IILIL1.6 and IILIILL.7, while Tables IILII.1.2-ILII.1.6 outline the proposed
vibrational assignments for intermediates 2, 3, 5a, 5b and 5c, respectively.

Note that, while in the case of compounds 2, 5a, 5b and 5c the vibrational
analyses have been carried out considering all the possible molecular conformations
predicted for the species in the gas phase, for compound 3, only conformers g+ and g-
were taken into account; those which were confirmed to be present in the crystal packing,
as reported above.

Figure 111.3.a.8 shows the experimental IR and Raman spectra profile of this
species in comparison with the theoretical spectra calculated for both conformers.

As shown, the theoretical spectra are in quite good agreement with the
experimental profiles of the sample since most of the experimental features are

reproduced by the computed spectra for both conformers.
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Figure 11.3.a.6. Experimental IR spectra of the five intermediates in this study: (a) intermediate (2), (b)
intermediate (3), (c) intermediate (5a), (d) intermediate (5b), (e) intermediate (5c).

Theoretical wavenumbers have been scaled using the scale factors
recommended elsewhere [192] for harmonic vibrational frequencies computed at the
B3LYP/6-311++G** level in the low and high frequency regions (1.0019 and 0.9673
respectively). As can be seen, we have found a good correlation among the scaled values
of the computed harmonic frequencies and the observed vibrational bands in the whole

spectral range for all the species under study, especially in the spectral region above 700
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cmL. Nonetheless, below 700 cm1, some features appearing in the vibrational spectra of

2, 5a, 5b and 5¢ may point to the occurrence of conformational mixtures in these samples.
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Figure ll.3.a.7. Experimental Raman spectra of the five intermediates in this study: (a) intermediate (2), (b)
intermediate (3), (c) intermediate (5a), (d) intermediate (5b), (e) intermediate (5¢).

In the case of intermediate 2, the medium intensity band centered at 623 cm!
(IR) can be assigned to the symmetric stretching of the SiC bond in conformers g+ and g-.
However, the band at 617 cm? (IR) can be attributed to the same vibrational mode in

conformer a, in accordance with its calculated value.
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Seccion a. Estudio tedrico-experimental de precursores de metilsilanodioles sencillos
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Figure l11.3.a. 8. Comparison of the IR (right) and Raman (left) theoretical (B3LYP/6-311++G**) and experimental
spectra of intermediate 3.

Similarly, the medium intensity band centered at 368 cm (IR) can be assigned

to the scissoring of the SiC, group in conformer a while the peak observed at 373 cm!

(IR) can be assigned indistinctly to the same motion in conformers g+ and g- (Table

[11.3.a.2, in bold).

Table 1ll.3.a.2. Observed and computed vibrational frequencies (in cm1) and proposed assignment
to the normal modes of intermediate 2.

Theory (B3LYP/ 6-311++G*)b.c

Bxperiment: c@ cil (g9 cil@ Assignmentée
IR(T) Raman(l) Unscaled Scaled Unscaled Scaled Unscaled Scaled
3187 3082 3187 _ 3083 _ 3187 _ 3082
3087(m) 3090(w) 3186 3082 3186 3082 3186 3082
3178 3074 3177 3073 3178 3074
3070(m) 070wsh)  —5s 30 a1 aor2 a5 30id
3170 3066 3168 3064 3169 3065 ..
3167 3063 3167 _ 3063 3167 _ 3063 '™
3162 3050 3158 3055 3150 _ 3056
3158 3055 3158 3055 3157 _ 3054
3155 3052 3149 3046 3153 3049
3048(m) 3051(s) 3153 3049 3142 3039 3145 3032
3026(w) 3026(wsh) 3120 3018 3126 3024 3126 3024 v® Ch
3013(w) o?
3008 2007 3109 _ 3008 3110 _ 3008 .
3000(w) 3000(w) 3095 2994 3097 2995 3088 2997V Ct¢
2961(m) 2968(m) 3066 2965 3072 2971 3072 2971 v’ Ch,

218



Capitulo IIl: 3.Sintesis y caracterizacion experimental de derivados difenilicos

Table 111.3.a.2. Observed and computed vibrational frequencies (in cm) and proposed

assignment to the normal modes of intermediate 2. (Continuation)

2924(m) 2927(m) 3024 2925 3030 293 3030 _ 2931w CHs
2903(vw,sh) 2903(m) ?
1630 1576 1630 1577 1630 1577
1589(w) 1590(s) 1609 1576 1628 1675 1628 1575 .
1569(1) 1608 1555 1608 1555 1608 1555 g
1607 1554 1607 1554 1607 1554
1518 1469 1518 1469 1519 1470,
1486(w) 1489(w) 1518 1468 1515 1466 1516 1dep O Chims
1466 1418 1465 117 1465 l418 .. -
14286 1428 1465 1417 1463 1415 1462 1414
W59 1412 1450 w1l 159wl
1457 1410 1457 1410 1457 1410 g
1395(w) 1397(v) 1442 1395 1440 1393 1442 1395 scCH,
1360 1316 1358 1314 1360 _ 1316 _,
1302(w) 1358 1313 1357 1312 1357 1312 O Chim
1304 1262 1304 1262 1304 1261
1254(m) 1300 1258 1300 1258 1802 1260  §CH+CCung+ 6° CHs
1206 1254 1293 1256 1208 1255
11758) 1217 1177 1215 1175 1217 1177 waCH,
1216 1176 1213 1173 1215 1175
1184 1145 1184 1145 1184 1145 & CHung
1157(w) 1161(w) 1184 1145 1183 1144 1184 1145
1118(s) 1137 1100 1182 1095 _ 1134 1097 wCH,
1126 1089 1125 1089 _ 1126 _ 1088 .
1110(s) 1110(w) 1123 1085 1120 1084 1120  10s3_ W CH* 9¥CCm
1099 1063 1098 1062 1099 _ 1063 &% CHung
1067(w) 1097 1062 1096 1061 1097 _ 1061
1030(w) 1031(m) 1049 1015 1049 1014 1049 1015
1048 1014 1047 1013 1048 1013
1015 081 t015  os2 1015 982 .,
1014 981 1014 981 1014 __ 980 g
1007 974 1007 974 1008 975  8°% CHumg
1005 972 1006 973 1007 __ 974
992 994 991 993 992 994
998(m) 1001(vs) 989 991 989 991 991 993
935 937 934 93 936 938
931 933 932 934 934 936
866 868 867 _ 869 868 870
863 865 864 866 865 867
811(s) 830 832 8% B 88 839
793(m) 826 827 823 824 80 82 P
776(5) 778(w) 777 718 778 779 6P CHugt v™ SIC
760 762 756 756 754 756 . ron
739(s) 745(w) R TR e ey V™ SIC+ 8% Chug
747 148 749 750
723(s) 725(w) 721 728 726 721 726 728 VGOt CHe
720 723 715 716 714715
698(5) 700w) 712 714 7138 714 713 715 §°P CHuy
710 711 708 709 710 711
683(m) 682(w) 693 694 694 695 pCHy* 6CCug
670(m) 670(m) 674 675 671 611 660 670 pCHpt pCHytv™ SIC
63 635 6 635 63 636 .
633 634 634 635 633 634 g
623(m) 67 618 612 613
617(m) 622(s) 504 605 v*Sic
483 484 497 497 488 489 .
480(m) 475(w) 5ol 59 CCong
464(m) 474 474 472 473 5° Chimg
433(m) 432 433 436 437 440 440  v®SiCag
04 a5 M4 b a0 a5 00
400 401 400 401 400 40l
368(m) 34 355 wsiC
373(m) 373W) 30 380 374 374 2
32 342 Wa SiCang
308(W) 306 306 303 304 wasiC
242(m) 244 244 242 243 231 238
223(w) 224(m) 220 220 Skeletal motions
27 218 217 217
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Seccion a. Estudio tedrico-experimental de precursores de metilsilanodioles sencillos

Table lll.3.a.2. Observed and computed vibrational frequencies (in ¢cm) and proposed

assignment to the normal modes of intermediate 2. (Continuation)
210 211 211 212 212 213
202 202 198 198 201 202
171 171 164 164 160 161
153 154 153 153 156 157
129 129 139 139 138 138

67 67 62 62 67 67
53 53 54 54 61 61
48 48 40 40 48 48
36 36 31 31 31 32
20 20 10 10 25 25

aAbbreviations: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; br, broad;
bCalculated theoretical frequencies were scaled according to the scale factors for B3LYP/6-311++G** level of
theory reported in reference [192]; ¢All modes have A symmetry; 4Symbols used: v stretching, & deformation, p
rocking, sc scissoring, tw twisting, wa wagging. Superscripts “s” and “as” denote symmetric and asymmetric
motions. Superscripts “ip” and “oop” denote in plane and out-of-plane vibrational motions. Subscript “ring”
denotes the motions involving the phenyl groups; €The description of the vibrational modes is proposed by means
of their visual inspection using Gaussview [193].

Table 1Il.3.a.3. Observed and computed vibrational frequencies (in cm1) and proposed assignment
to the normal modes of intermediate 3.

Theory B3LYP/ 6-311++G**.c

Experiment2
P cll (gh clil (@) Assignmentss
IR(solid) Raman(solid) Unscaled Scaled Unscaled Scaled
3200 3095 3200 3095
3089 (w) 3086(w) 3197 3092 3196 3091
3188 3082 3186 3082
3069 (w) 3070(sh) 3186 3081 3186 3082
3185 3081 3185 3081
3177 3074 3180 3076
3174 3072 3175 0L
3058(s) 3172 3068 3173 3069 i
3170 3066 3171 3067
3167 3064 3166 3062
3048 (w) 3047(9) 3162 3059 3162 3059
3158 3055 3157 3054
3024 (w) 3029(w) 3155 3052 3153 3050
3012 (w) 3144 3041 3146 3043
3115 3013 3113 3011 v CH,
2999 (w) 2995(w) 3101 3000 3102 0L o
3101 2999 3100 2099 VM
2946(m) 3043 2943 3046 2946 v’ CH,
2902(w) 2902(m) 3032 2933 3033 2034 vS CH;
1777 (w) 1778(9) N
Tz o) oo 1816 1757 1816 1757 v c=0
1709 (vs) 1709(w) 1759 1702 1759 0L v c=0
1647 1503 1646 1502
1613 (w) 1614(w) 1646 1502 1645 1501 vCCy
1629 1576 1645 1501
1589 (w) 1588(5) 1628 1575 1629 1576
1628 1575 1628 T
1556(m) 1607 1555 1608 1555 9
1606 1554 1606 1553
1520 1470 1519 1469
1487 (w) 1516 1466 1516 1266 O Chs
1495 1446 1495 1246
1466 (m) 1465(w) 1494 1445 1493 1aag 97 Che
1428 (5) 1425(w) 1463 1415 1464 TR,
1458 1411 1458 1410
1414 (s) 1415(sh) 1458 1410 1457 1409
1456 1408 1457 1409 9
1403(w) 1401(3) 1445 1401 1448 1401 scCH,
1385 (s) 1382(w) 1401 1356 1401 1355 v NC+scCH,
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Capitulo IIl: 3.Sintesis y caracterizacion experimental de derivados difenilicos

Table 111.3.a.3. Observed and computed vibrational frequencies (in cm1) and proposed assignment

to the normal modes of intermediate 3. (Continuation)

1376 1331 1375 1330 vNC+v CCa
1364 1319 1364 B
1306 (m) 1309(w) Tt HE s T3 O Chug
1287(w) 1339 1295 1338 1294 pCH,
1308 1266 1309 1266 6 CHu
1307 1264 1305 262 .,
1256 (m) 1260(m) 1301 1259 1301 158 O CHs
1299 1257 1301 1258
1285 483 1287 1245 waCH;
1219 1179 1219 e
1213 1173 1213 1173 0" Chm
1187 (m) 1187(m) 1208 1169 1208 1168 v CCu+ 8% CHy
171w 1178(sh) 1189 1150 1189 1150 6 Cha
1183 1145 1184 ws
1183 1145 1183 1124 0" Chm
1158 W) 1156(m) 1179 1141 1180 1141 6% CHy
1114 (5) 1127 1091 1127 080 o
1108(m,sh) 1106(w) 1121 1084 1121 1084 g
1101 1065 1101 1065
1088 () 1099 1063 1099 1063 6% CHug + 6% CHy
1096 1061 1097 1061
1062 (5) 1075 1040 1073 1038 6 NCH*p CH,
1049 1014 1048 we
1030(w) 1029(m) 08 o3 o Toir— 0 CCuo
1014(m) 1035 1001 1034 1000 6% CC+ 6% CHy
1015 981 1015 982
996 (W) 994(w) 1013 981 1014 981 5CCug
1010 o717 1010 977
1007 974 1008 975 6%% CHy
987(w) 1006 73 1006 973
993 995 993 995 6°°P CHing
991 993 991 993
980 983 981 983 oo
966 (m) 966(1) = = o 75— 8% Chu
936 938 937 939 oo
923(w) 934 935 934 036 0 Chhm
907 908 905 907 5°°% CHu+3 CNC
886 (vs) 885(w) 898 901 899 9L 5 CCu
868 870 868 870 oo
857(w) 866 868 866 Beg O Chhm
810 (5) 839 840 836 838 o
797 (s) 791w) 824 825 821 g3 Pt
800 802 800 802 6°°7 CHy
79 798 79 798 6°° CHung
764 (m) 770(w) 3 774 770 771 p CHat p CHat v SIC
754 755 753 754 oo
736 (s) 739(w) D e T i 8°°7 Chug
729 730 729 730 5°%7 CHu+ WaNG,
7 (s) () 724 725 725 726 8% CCu
719 721 721 722
716 77 715 716 oo
701 (s) 704(m) e L o e 8°"CHug
711 712 711 712
69L(W) 696 697 697 698 6% CCumy
670(w) 682 683 682 683 6°°7 CHig
663(w) 677 679 676 677 pCHatpCh
643 (W) 646(w) 640 641 640 84l vSiCH,
633 634 633 634 5”CCug
618(m) 633 634 633 634 6% CCig
603 (W) 804(m) 607 609 608 609 v SiCu+waCH
533 538 537 538 »
529 (m) 528(m) o 2 o e 0P CC
T8 W) 488 490 489 490 oo
470 41 468 a9 O COm
464(w) 468 469 468 469 6% CCy
457 (W) 457(w) 430 430 a7 428 ™ SiCug
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Seccion a. Estudio tedrico-experimental de precursores de metilsilanodioles sencillos

Table 1Il.3.a.3. Observed and computed vibrational frequencies (in cm1) and proposed assignment
to the normal modes of intermediate 3. (Continuation)

407(w) 412(w) 416 417 414 415 §°°P CC + CHu
381(m) 385(m) 382 383 388 389 sc SiC,
349(m) 353(m) 356 356 355 356 5% CO
322(m) 324(m) 320 320 317 318 wa SiC,
294(m) 295(m) 277 278 286 287
250(m) 248 249 246 246 pCH,
242(m) 240 240 242 242
232(m) 232(m) 236 236 236 236
220 221 217 217
199(m) 197(m) 194 194 192 192
185(w) 175 175 180 180
174(w) 172 172
165(m) 166 166 158 158
152(m) 142 142 141 141
136(m) 138(m) 137 137 137 137
129 129 128 128 Skeletal motions
86 86 92 92
68 68 66 66
53 53 58 58
46 46 44 44
37 37 33 33
27 27 26 26
19 19 16 16
13 13 7 7

aAbbreviations: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; br, broad;
bCalculated theoretical frequencies were scaled according to the scale factors for B3LYP/6-311++G** level of
theory reported in reference [192]; cAll modes have A symmetry; ¢Symbols used: v stretching, & deformation, p
rocking, sc scissoring, tw twisting, wa wagging. Superscripts “s” and “as” denote symmetric and asymmetric
motions. Superscripts “ip” and “oop” denote in plane and out-of-plane vibrational motions. Subscript “ring”
denotes the motions involving the phenyl groups; Subscript “ftl” denotes the motions involving the phtalimide
group. €The description of the vibrational modes is proposed by means of their visual inspection using Gaussview
[193].

On the other hand, for 5a the most interesting feature in its vibrational spectra is

the band centered at 350 cm (IR) which have been assigned to the SiC, scissoring
vibrational mode of conformer a, while the band centered at 312 cm? (IR) has been
assigned to the same vibrational mode of conformer g+ (Table 111.3.a.4, in bold), according
to their computed values.

Also suggesting the presence of more than one conformer, the band observed at
345 cm1 in the Raman spectrum of compound 5b can be attributed to the scissoring of the
SiC, group in conformer a. Nevertheless, the bands observed at 317 (Raman) and 307
(IR) cm can only be assigned to the same vibrational mode in conformers g+ and g¢-
(Table 111.3.a.5, in bold). Finally, in the case of the so-called compound 5¢, the band
observed at 437 cm in the IR spectrum is assigned to the CC out-of-plane deformation
mode of phenyl rings in conformer a, in agreement with its calculated value (Table
[1.3.a.6, in bold), whilst the same vibration is calculated at 453 and 450 cm? for

conformers g+ and g- and observed at 465 cm-, also in the IR spectrum.
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Capitulo IIl: 3.Sintesis y caracterizacion experimental de derivados difenilicos

Table Ill.3.a.4. Observed and computed vibrational frequencies (in cm1) and proposed assignment

to the normal modes of intermediate 5a.

Experiment:

Theoretical B3LYP/ 6-311++G**o<

cl@ Cli(gh il () Assignmentie
IR(liquid) Raman(liquid)  Unscaled Scaled Unscaled Scaled Unscaled Scaled
3408(w) 3612 3493 3614 3496 3623 3505 v NH
3271(br,m) v NHibonded
3186 3082 3186 3082 3186 3082
3086(wsh) 318 3082 3187 3083 3185 sos2 U Chm
2069(m) 3176 3072 3176 3072 3176 3073
3175 3071 3175 3071 3175 3071
3160 3057 _ 3150 3056 3160 _ 3057 ..
3048(m) 3050(s) 3157 3053 3157 3054 3158 aos4 ¥ i
2024 3152 3049 3148 3045 3148 3045
3146 3043 3146 3044 3144 3042
3006 2005 3099 _ 2998 _ 3098 2996 .
2962(w) 2062(m) 3094 2993 3094 _ 2993 3000 o089 U 't
3026 2927 3028 2929 3023 2924 v°CHs
2894(m) 2901(m) 3010 2912 3017 _ 2018 3016 2917 v°Ch,
2858(m) 2053 2856 2045 2849 2951 2855 v H-CO
1650(s) 1657(w) 1750 1693 1756 1699 1752 1695 v CO
1629 1576 1628 1575 1629 1576
1591(w) 1580(s) 1627 1574 1628 155 68 155
e8] 1608 1555 1607 1555 1608 155 0
1606 1553 1606 1554 1607 1554
1534(m) B
1489(w) 1489(w) 1535 1485 1532 1482 1534 1484 &P NH
1468 1420 1467 1419 1468 1420 .
1428(m) 1428(w) 1463 1416 1464 1416 1464 1416 O M
1450 1411 1450 1411 1458 1410
1406(w) 1408(w) 56 1409 1457 1400 1458 1410 O Chm
1379(m) 1383(W) 1414 1368 1415 1368 1415 1368 5% HCO
1332(w) 1336(w) 165 1020 1350 1314 1365 1320 .
1303(w) 1357 1313 1357 1313 1356 1312 g
1303 1260 1304 1261 _ 1303 1260
1258(m) 1258(w) 1300 1258 1301 _ 1258 1302 1250 &°CH
1207 1255 1297 1255 1208 1256
1216WW) 1225(m) 1286 1p44 1285 1243 1289 147 -
1189(w) 1194(m) 1242 1201 1233 1198 1246 1205 2
l210 179 1215 1175 1220 180,
1158(4) 1160(m) 1213 1173 1213 1173 1213 1173 °
1213 1173 1206 1167 1208 1169 &% NH+waCH,
1213 1073 1206 167 1208 169
1111(s) 1109(m) 1127 1000 1127 1000 _ 1128 _ 1091
1069(vw) 1100 1064 1098 1062 1101 1065, .
1095 1060 1098 1062 _ 1097 _ 1061 g
1016 983 1017 983 _ 1016 __ 983
997(w) 999(s) 1014 981 1014 981 1015 982 _ §°° H-CO
1014 981 1014 980 1014 981
919(w) 98 o9 o o3 918 o .
850(m) 851(w) 82 864 867 _ 868 867 860 g
790(m) 806 808 799 801 810 _ 812 pCH,
730() 730 731 743 744 730 731 5% Chug* pCHs
695(vs) 696 697 706 708 697 698 8 CCug* p CHa
636(w) 639(m) 646 648 645 646 636 637 )
619(w) 621(m) 633 634 633 635 636 a7 O Com*vSiC
632 633 633 634 633 634
o 488 480 498 499 494 495
483 484 Jo—
466(m) 475 475 474 475 i
436(m) 428 429 446 447 445 46
401(m) 402 402 401 401 400 401 3°% CCug* 8°% Chumg
350(w) 350(w) 362 363 )
312w) w3 sc Sic.
299 300 wa NG,
260 269 p CHy
231(w) 239(w) 243 243 240 241 239 239 SCSiCum
2 w3 1 g s as
211 212 212 213 213 213
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Seccion a. Estudio tedrico-experimental de precursores de metilsilanodioles sencillos

Table 1l.3.a.4. Observed and computed vibrational frequencies (in ¢cm?) and proposed

assignment to the normal modes of intermediate 5a. (Continuation)
190 191 177 177 186 186
161 161 173 173 161 162
144 145 156 156 154 155
132 133 135 136 131 131

108 109 96 97 107 107
70 70 64 65 67 67
58 58 51 51 62 62
47 47 35 36 48 48
42 42 31 31 41 41
37 37 26 26 22 22
24 24 13 13 20 20

aAbbreviations: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; br, broad;
bCalculated theoretical frequencies were scaled according to the scale factors for B3LYP/6-311++G** level of
theory reported in reference [192]; ¢All modes have A symmetry; 4Symbols used: v stretching, & deformation, p
rocking, sc scissoring, tw twisting, wa wagging. Superscripts “s” and “as” denote symmetric and asymmetric
motions. Superscripts “ip” and “oop” denote in plane and out-of-plane vibrational motions. Subscript “ring”
denotes the motions involving the phenyl groups. €The description of the vibrational modes is proposed by means
of their visual inspection using Gaussview [193].

Table Ill.3.a.5. Observed and computed vibrational frequencies (in cm1) and proposed assignment
to the normal modes of intermediate 5b.

Experiment

Theoretical B3LYP/ 6-311++G**=

A G+ G- Assignment
IR (liquid) Raman (liquid) Unscaled Scaled Unscaled Scaled Unscaled Scaled
3424(w) 3628 3509 3626 3507 3638 3519 v NH
3282(br,s) v NHhbonded
3185 3081 3186 3082 3185 308l
3087(m.sh) 3089(w) 3185 3081 3185 3081 aiss 3080 " Chm
070 3175 3071 3175 3071 3174 3070
3743070 3174 3070 _auA 0710 ..
3166 3062 3166 3062 3166 3062 o
3166 3062 3166 3062 3166 3062
3158 3055 3157 3054 3158 3055
3156 3053 3157 3054 3157 3054
3150 3047 3146 3043 3146 3043
3050(m) 3050(m) 3144 3041 3145 3042 a5 3042 U Chi
s022(m) 3118 3016 3114 3012 3115 3013
3110 3008 3113 3011 _ 3113 301l
3099 2998 3100 2999 _ 3096 2995
301(m) 3094 2993 3098 2007 309 2005 V. C°™®
3000(m) 2999(w) 3002 2991 3089 2983 3089 2988 v CH,
2958(w) 2965(m) 3040 2941 3040 2041 3041 2942 v CHyCO
2034() 2931(m) 3025 2926 3027 2028 3022 2923 v°CH,
2897(w) 2901(m) 3003 2905 3009 2011 _ 3010 _ 2912 vCOH
1639(vs) 1650(w) 1724 1668 1731 1674 1726 1670 v CO
1629 1576 1628 1575 1629 1576
1591w) 1589(m) 1627 1574 1628 1575 _ 1628 1575 v CCuy
1553 1568(m) 1607 1554 1606 1553 _ 1607 1554

1488(w) 1488(vw) 1540 1490 1537 1487 1538 1488 &% N-H
8% CHing

1427(s) 1430(vw) 1488 1439 1487 1438 1487 1438 8% CHs+sc CH,
1472 1424 1471 1423 1470 1422 5% CHs-CO + sc CH,

1463 1415 1462 1414 1463 1415 §% CHs + sc CH,

1403(w) 1405(vw)
1372(m) 1375(w) 1399 1353 1399 1353 1398 1352 & CO-H
1303(m) 1305(vw)

8% CHiing

8% CHiing

1254(m) 1254(sh,w) 5% CH + wa CH,
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Capitulo IIl: 3.Sintesis y caracterizacion experimental de derivados difenilicos

Table lll.3.a.5. Observed and computed vibrational frequencies (in cm?) and proposed
assignment to the normal modes of intermediate 5b. (Continuation)

1204 1252 1297 1255 1299 1257 waCHy+&° CH
1218w) 1236 (W) 1202 1250 1293 1251 waCH,
1259 1218 1255 1214 1260 1219
1192(w) 1194(w) 1237 1196 1234 1104 1239 1198 WCH;
1217 1177 1213 1173 1219 1179
212 1172 111 171 1212 U72
1183 1144 1184 1144 1183 1144
1158(w) 1158(w) 1183 1144 1183 144 1183 1M o,
1112(9) 1109(w) 1125 1088 1125 10838 1127 1090 g
1119 1082 1120 1083 1121 1084
10670m) 1099 1063 1097 1061 _ 1100 1064
1096 1060 1095 1059 _ 1096 1060
1005 1059 1002 1056 1088 1052 Y CN¥ACHs
1053 1019 1052 1018 1052 _ 1018 pCHyCO
1048 1014 1047 1013 1048 1014
1036(w) 1031(m) 1047 1013 1047 1013 1047 1013
1016 983 1017 984 & CCin
997(w) 100(vs) 1013 980 1013 980 1013 980
1012 979 1013 980 1012 979
1008 975 1008 975 oop
999 966 1006 973 1006 73 577" Chims
996 964 995 963 997 964
995 962 993 961 995 963 pCH.CO
991 993 990 992
944 046 938 939 943 945
40 o4 o3 o3 988 040 0,
933W) 938(ww) 936 937 933 935 933 935 9
874 876 860 870 _ 872 874
869 871 866 867 865 867
€33 83 B3 B & &9
308(m) 825 826 816 817 813 8, P
793(m) 762 764 777 718 713 174 pCHy* pCH,
777(m) ;gg ;g; T 757 758 T8y
742 743 743 744 747 148 pCHs+ pCH,
731(s) 727 728 721 722 718 719
77 719 716 717 715 116
716 717 713 714 712 113
5P CHing
706 707 707 708 710 712
pCHs + pCH,
697(vs) 690 601 70L 708 689 690 v SiC+pCHs+ pCH,
654(m) 667 668 654 655 655 657 v° SiC+pCH,
640 641 636 637 635 636 waN-CO-CHs+8°°" NH
621(m) 634 6% 633 634 634 685 .,
633 634 633 634 633 634 g
596(m) 603(m) 597 598 602 603 59 597 &7¥CO
493 494 502 503 496 497 6% CCug
488(m 488 485 486 480 48l 48l 482
472§m§ ) 183 484 415 476 a1z aza O NH+8%PCHiy
) W CCOTH 8 CCn
406 407 403 404 404 405
402 403 400 401 401 402
3771(m) 379W) 370 370 380 380 388 380 &°°P CCg
345(w) 341 342
307(w) 317(w) 35 316 811 312
282 282 287 288
269 269 p L
239(m) 243 243 238 238 241 241 SCSiCumg
222 223 226 221 226 227
206(w) 203(w) 214 215 211 211 213 213 .
18 18 15 195 1gy  1go  okeletalmotins
167 167 172 172 116 177
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Table lll.3.a.5. Observed and computed vibrational frequencies (in cm?) and proposed

assignment to the normal modes of intermediate 5b.(Continuation)
163 164 159 159 160 160
142 142 136 137 135 135

108(w) 107 108 120 120 106 106
103 103 85 85 99 100
76 76 75 75 75 75
57 57 51 51 59 59
51 51 48 48 51 51
46 46 33 33 47 47
37 37 28 28 39 39
33 33 20 20 26 26
21 21 9 9 17 17

aAbbreviations: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; br, broad;
bCalculated theoretical frequencies were scaled according to the scale factors for B3LYP/6-311++G** level of
theory reported in reference [192]; ¢All modes have A symmetry; 4Symbols used: v stretching, & deformation, p
rocking, sc scissoring, tw twisting, wa wagging. Superscripts “s” and “as” denote symmetric and asymmetric
motions. Superscripts “ip” and “oop” denote in plane and out-of-plane vibrational motions. Subscript “ring”
denotes the motions involving the phenyl groups. €The description of the vibrational modes is proposed by means
of their visual inspection using Gaussview [193].

Table I1l.3.a.6. Observed and computed vibrational frequencies (in cm-1) and proposed assignment
to the normal modes of intermediate 5c.

Theoretical B3LYP/ 6-311++G**2

Bxperiment A G+ G- Assignment
IR (liquid) Raman(liquid) Unscaled Scaled Unscaled Scaled Unscaled Scaled
3342(m) 3638 3519 3636 3517 3643 3524 WNH
3261(br) VNHeiponded
3084(w) 3200 3005 3201 3006 3203 3098 ...
3188 3084 3183 3084 3189 3085 ' ~ O
3066(m) 3065(s) 3185 3081 3186 3082 3185 3081 ..
3185 3081 3185 3081 3185 3081 "
3175 3071 3178 3074 3178 3074
3051(m) 3051(s) 3173 3060 3175 3071 3176 a0tz V. Ot
3168 3064 3168 3064 3173 3069 v CHingco
3166 3062 3167 3063 3160 3065 .,
3165 3062 3166 3062 3168 3064 "
3161 3058 3161 3058 3165 3062 v CHingco
3159 3056 3157 3054 3161 3058
3154 3051 3156 3053 3159 3056 .o
3023(m) 3028(m) 3150 3048 3147 3044 3156 aosa ¥ Chiwo
3144 3041 3146 3043 3145 3042
3144 3041
3099 2998 3101 3000 3099 2998 v CH,
2999(m) 2997(w) 3097 2996 3099 2998 3097 2996
3093 2992 3094 2993 v Chstv® CHe
2977(vw) 2976(w) ?
2959(vw) 2959(w) ?
2927(vw) 3025 2926 3028 2929 3022 2923 vSCHg
2905(m) 2902(m) 3006 2908 3010 2912 3011 2913 vSCH,
2888(w) Overtone (1445)
2856(w) Overtone (1427)
1629(vs) 1631(m) 1704 1648 1712 1656 1709 1653 vCO
1602(s) 1602(s) 1641 1587 1641 1587 1640 1586 v CCingco
1588(m) 1629 1576 1628 1575 1629 1576
1627 1574 1628 1575 1628 1575
1577(s) 1579(m) 1617 1564 1618 1565 1617 1564 v CCing
1567(m) 1608 1555 1607 1554 1608 1555
1605 1553 1606 1553 1606 1553
1540(s) 1539(w) 1550 1499 1545 1494 1544 1494 6P NH
1521 1471 1518 1468 1521 1471 &% CHuyg
1488(m) 1489(w) 1519 1469 1517 1467 1517 1467 v CCpheo

1515 1465 1516 1466 1513 1464 v CCing

1474 1426 1474 1426 1474 1426 5% CHing.co + v CCingco
1445(w) 1447(w) 1468 1420 1467 1419 1468 1420 §° CHs +scCHy

1463 1415 1463 1415 1462 1414 5% CH,

1462 1414 1461 1413 1458 1410  §° CHz+sc CH;
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Capitulo IIl: 3.Sintesis y caracterizacion experimental de derivados difenilicos

Table Ill.3.a.6. Observed and computed vibrational frequencies (in
assignment to the normal modes of intermediate 5¢. (Continuation)

cm?) and proposed

1427(m)

1429(w)

1458

1410

1458

1410

1458

1410

1456 1408 1456 1408 1457 1409 O Chm
1399(uw) 2
1328(m) 1328(m) 1365 1320 1365 1320
1357 1313 8 CHung
1316(m) 1318(m) 1356 1312 1357 1313 1355 1311
153 1309 1352 1308 1351 1307 .
1300(m) 1332 1283 1332 1288 1331 1287 g €O
1261(m) 1306 1263 1305 1262 1305 1262 waCH,+4°CHs
1302 1250 1302 1259 1301 1258 &° CHa*scCH
1300 1257 1298 1256 1300 1257 &°Chs
1246(m) 1246(w) 1296 1254 1296 1254 1298 1251 8% CCugt 6°CHy
1238(w) B
1229(m) 1230(w) 1267 1226 1262 1221 _ 1268 1227 waCh
1193(m) 1235 1195 1232 1192 1236 1196 pCH.+ 6" NH
1218 1178 1213 1173 1219 1179
177(w) 177(m) L unR i un it un O CHmw
1205 1166 1203 1164 _ 1203 1164 6" CHugeo
1183 1144 1183 1144 1183 1144 6% Chg
1183 1144 1183 1144 1183 1144
1182 1143 1182 1143 1182 11436 CHugeo
1155(w) 1157(m) 1163 1125 116l 1123 1161 _ 1123 v C-NH
11261080 1125 _ 1088 1126 1089
1110(m) 1109(m) 1120 1083 1120 1083 1119 1082 O CCme
1073W) 1103 1067 1103 1067 1103 1067 6% CCugeo
1100 1064 1007 1061 1100 _ 1064
8% CCung
1095 1059 1095 1060 _ 1096 1060
1050(w) 1053(W) 1053 1019 1053 1019 1051 1017 % CCugco
10481014 1043 014 1048 1014 oo
10471013 1047 1013 1047 _ 1013 g
1024(w) 1030(m) 1026 992 1024 991 1024 991 v CNH
1017 984 1015 982 1018 985 6°° Chug
1015 982 1014 981 1013 980 &% CCugco
1013 980 1013 980 1012 979 8% CCug
1012 979 1008 975 1012 979 5°° CHug
1008 975 1008 975 _ 1008 975 6°° CHugco
1007 974 1006 973 1006 973
998 1000 994 995 999 1000 6°° CHug
998(w) 1000(vs) 993 994 992 994 991 993
991 993 991 993 988 990 5 Chugeo
931(W) 944 946 043 o045 944 946
943 945 036 037 942 944 5°° CHuy
935 937 934 93 934 93
913(W)
887(m) 891(w) 898 900 901 903 903 905 pCH,
873 874 B0 o2 B4 816 .
868 869 867 869 866 867 g
860 861 _ 860 861 858 860 5°° Chugco
834 83 829 830 825 827
827(m) 826(w) 820 82 80 82 s s PO
801(m) 802(vw) 80 812 81 e s s A
770(m) 772(w) 6L 762 778 779 764 166 00y
763(m) 755 756 755 757 753 754 "
737(m) 737 138 744 7145 745 746 pCHitpCh
727 728 722 723 123 124 5°° Chug
722 723 719 720 717 718 5°%P Chuy 'WaCO
712(m) 77 718 716 717 714 716 .
5997 CHng
715 716 713 714 712 713
706 708 707 708 710 712 6°°P CCrgco
704 705 704 706 704 705
698(5) 700(w) 689 690 702 703 688 689 v%SiCtpCHstpCH,
670(m) 678 679 665 666 676 677 WCHy*pCHs
637(m) 646 647 645 646 637 638 1°SiC
633 635 633 635 633 634 8% CCuy
633 634 633 634 633 634 6% CCigco
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Estudio tedrico-experimental de precursores de metilsilanodioles sencillos

Table lll.3.a.6. Observed and computed vibrational frequencies (in cm) and proposed
assignment to the normal modes of intermediate 5¢. (Continuation)

619(m) 632 633 633 634 631 632 5" CCing

519 520 522 523 524 525 5997 NH
500 501 507 508 495 496

487(m) 485 486 489 489 482 483  6°°P CCumg
481 482 475 476 474 475 6°°P CCing +6°°PNH
465(m) 7 43 M9 0 .
437(w) 434 43 87%PCCing + 5°°PNH
127(w) 429 430 420 421 419 420 8°°’CCugco* 6°PNH
416(w) 414 414 415 416 412 413 6°PCCugoo
410(w) 408(w) 405 406 404 405 406 406, .o
401 402 401 402 402 402 g
385(w) 386(w) 3637 3l 3wl 3w 393 oo
355(w) 358(w) 367 367 365 365 360 361
326(w) 327(w) 322 323 318 319 311 312
308 308 307 a8 PO
201 201
239(w) 236(w) 244 245 238 238 240 240 5CSiCamyg
232 232 231 231 221 221
219 219 221 222 217 217
212(w) 212 212 207 207 211 211
197(w) 181 181 18l 181 190 190
172(w) 70 170
155 155 160 161 153 153
149 149 144 144

135 135 128 128 130 131  Skeletal motions

96 96 88 88 99 99
77 78 69 69 71 72
60 60 52 52 63 63
52 52 49 49 49 49
46 46 33 33 47 47
28 29 25 25 33 33
25 25 20 20 28 28
19 19 17 17 22 22
15 15 14 14 14 14

aAbbreviations: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; br, broad;

bCalculated

theoretical frequencies were scaled according to the scale factors for B3LYP/6-311++G** level of

theory reported in reference [192]; ¢All modes have A symmetry; 4Symbols used: v stretching, & deformation, p
rocking, sc scissoring, tw twisting, wa wagging. Superscripts “s” and “as” denote symmetric and asymmetric
motions. Superscripts “ip” and “oop” denote in plane and out-of-plane vibrational motions. Subscript “ring”
denotes the motions involving the phenyl groups. €The description of the vibrational modes is proposed by means
of their visual inspection using Gaussview [193].

M.3.a.5.
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CONCLUSIONS

On the way towards a synthetic route to obtain a series of new methylsilanediol

derivatives with an aminocarbonyl group [derivatiiesy, five diphenylic
candidate precursors of these species, have been prepared, isolated and

purified.

A conformational analysis was performed at the B3LYP/6-311++G** level for the

five diphenylic compounds yielding up to three different molecular conformations

for each system, which differ in the arrangement of the side chain, that can

adopt either gauche (g+ and g-) or anti orientation with respect to the Si — CH,

bond in the case of compounds 2, 5a, 5b and 5¢. As concerns compound 3, the
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eclipsed orientation was discarded following X-ray structural analysis, albeit it
was found to be the global minimum in gas phase.

Only intermediate (3) was suitable for study by single-crystal X-ray diffraction.
The so-called conformers gauche + and gauche - are both present in the crystal
structure of the sample, whose packing is dominated by m — m stacking
interactions (edge-to-face and offset). The eclipsed conformation (global
minimum in the gas phase) was not detected in the crystalline phase.

The Raman and infrared spectra of the five species under study were recorded
and completely assigned for each species with the support of the DFT
calculations. We have found some evidences of the occurrence of
conformational mixture in the samples, since some of the experimental features

are only justified if different conformers are considered to be present
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Capitulo III: 4. Interaccion y energias de enlace de gem-dioles con modelos de sitios activos

Blogue 4, seccion a: EstudlioTedrico de los madelos de interaccion y energias de enlace
de dimetilsilanodiol con modelos de sitios activos simplificados conteniendo cationes
Fe(ID), Ni(II) yZn(II)

En esta seccion se recogen los resultados obtenidos del estudio de los modelos
de interaccion y energias de enlace de dimetilsilanodiol (DMSD) en comparacion con el
poder quelante del compuesto N-acetilhidroxilamina (CH;(C = O)NH (OH), denotado
como HAM) empleado como modelo de los conocidos y ampliamente estudiados
inhibidores de proteasas basados en la funcionalidad acetilhidroxilamina (TSA y SAHA).
Para ello, se han empleado métodos ab initio (MP2) y DFT (B3LYP y MO6L) para evaluar
el modo de interaccion y las energias de enlace de los complejos formados por estos

ligandos con modelos simplificados de centros activos de metaloenzimas.

En el centro activo de las metaloenzimas, el cation puede rodearse de tres
residuos, generalmente, de histidina, o de dos residuos de histidina y un tercer residuo
que, tipicamente, es aspartico 0 glutdmico. Centrandonos en el primer caso, los sitios
activos de las metaloenzimas se modelaron seglin [R;M — OH,]**, donde R denota
moléculas de amoniaco o anillos de imidazol, y M hace referencia al cation divalente
empleado: Zn, Fe o Ni (en sus diferentes estados de espin).

El poder quelante de los ligandos se estimd a través del célculo de la energia de
la reaccion de desplazamiento de agua por el ligando (MBG) de acuerdo con [RsM —
OH,]** + MBG - [RsM — MBG]** + H,0.

Los modelos de sitio activo construidos con cationes Ni?* y Fe?* en estado
alto de espin, eran méas bajos en energia que los modelos de bajo espin. Igualmente, la
geometria adoptada por los modelos de sitio activo de Ni?* y Fe?* también dependia
del estado de espin del catién. Los modelos de bajo espin de niquel y hierro presentan
una organizacion plano cuadrada de los ligandos, mientras que los complejos de alto
espin presentan una geometria tetraédrica distorsionada. Esta diferencia en la geometria
adoptada por los complejos de alto y bajo espin se explica en base a la desestabilizacion
de los orhitales SOMO (singly occupied molecular orhitals) de los complejos de alto espin
cuando adoptan geometria plano cuadrada. En los complejos de bajo espin, estos
orbitales no estan ocupados por lo que la disposicion plano cuadrada de los ligandos es

mas estable.
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Seccion a. Interaccion con modelos conteniendo Fe(ll), Ni(ll) y Zn(Il)

Los resultados obtenidos con los diferentes métodos de calculo mostraron que
el método DFT/MO6L proporcionaba valores de energia y geometrias mas proximas a
MP2 (tomado como referencia) que el funcional B3LYP. Sin embargo, la inclusién de la
dispersion (para lo cual se hizo uso del programa DFT-D3 desarrollado por Grimme et al.
[158]) en las energias calculadas B3LYP proporcion6 valores de energia dentro del rango
de los valores calculados por MO6L y MP2.

En los complejos en los que R son moléculas de amoniaco, se calcularon
valores muy distintos de las dos distancias O ... M para los ligandos HAM y DMSD. La
interaccion de HAM con la serie de cationes es monodentada, mientras que para DMSD
el tipo de enlazamiento es pseudo-bidentado (las distancias de enlace HO ...M son
ligeramente distintas).

Por otro lado, el caracter bidentado de DMSD con los modelos de niquel y hierro
es mayor en los complejos de alto espin.

En los modelos con R = imidazol, se observo la misma tendencia en cuanto a
distancias metal-ligando aunque, en general, todas se elongaban con respecto a los
valores calculados para los complejos con moléculas de amoniaco. Ademas, el caracter
bidentado de los complejos de zinc se incrementa en estos modelos. Esta situacion no se
encontr6 en los complejos de niquel y hierro.

Estas longitudes O ... M mas largas de los complejos con anillos de imidazol (lo
cual se interpretd como un signo de enlazamiento mas déhil a los correspondientes
cationes metalicos) se correlacionaban con los valores de energia de enlace calculados
para los ligandos con estos modelos de sitio activo. Asi, las energias de enlace
calculadas para los ligandos en interaccion con los modelos de sitio activo conteniendo
moléculas de amoniaco fueron considerablemente mayores a las obtenidas para los
modelos de imidazol, aunque este Gltimo modelo es mas correcto porque reproduce de
forma mas certera los impedimentos estéricos alrededor del ion central.

En general, para los complejos de Zn?*, las energias de enlace calculadas
para DMSD fueron comparables a las obtenidas para el ligando HAM (aunque,
aproximadamente, 2 kcal/ mol inferiores).

Para los complejos de hierro, todos los métodos de calculo predicen que tanto
DMSD como HAM exhiben mayores energias de enlace para los complejos en espin bajo.
También en este caso se calcularon energias de enlace para DMSD similares a las

calculadas para HAM aunque algunas kcal/ mol inferiores.
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La energia de la interaccion MBG-[NiR3]?* con Ni en estado triplete fueron,
por el contrario, ligeramente superiores que los valores para los complejos de bajo espin.
Para los complejos de niquel en estado triplete, las energias de enlace calculadas para
DMSD fueron mayores a las calculadas para HAM. Sin embargo, HAM rindié mejores
valores de energia de enlace para los complejos de niquel en estado singlete.

Las tendencias de poder quelante de DMSD para los complejos con moléculas
de amoniaco (Fe?*(t) > Ni?*(t) > Fe?*(q) > Ni?**(s) > Zn?*) y con
anilos de imidazol (Ni?*(t) > Fe?*(t) > Fe?*(q) > Ni**(s) = Zn?%)
indicaron que este parametro no seria adecuado para asignar especificidad de este

ligando por un determinado cation metalico.

La metodologia empleada para este estudio y los resultados que han sido
expuestos someramente en este resumen, quedan detallados en el articulo cientifico
“Quantum chemical study of silanediols as metal binding groups for metalloprotease
inhibitors” publicado en la revista Journal of Molecular Modeling 19, 1819-1834 (2013),
cuya versién previa a la impresion y ligeramente modificada, para dar cabida a

informacion adicional, queda recogida en las siguientes paginas.
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Quantum chemical stuay of silanediols as metal bindling groups for
metalloprotease inhibitors
Igor S. Ignatyev, M. Montejo, M.P.G. Rodriguez Ortega, J.J. Lépez Gonzélez

Journal of Molecular Modeling 19 (2013) 1819-1834

ABSTRACT

DFT (B3LYP and MO6L) as well as ab initio (MP2) methods with Dunning cc-
pVvnZ (n=2,3) basis sets are employed for the study of the binding ability of the new class
of protease inhibitors, i.e. silanediols, in comparison to the well-known and well-studied
class of inhibitors with hydroxamic functionality (HAM). Active sites of metalloproteases
are modeled by [R;M — OH,]** complexes, where R stands for ammonia or imidazole
molecules and M is a divalent cation, namely zinc, iron or nickel (in their different spin
states). The inhibiting activity is estimated by calculating Gibbs free energies of the water
displacement by metal binding groups (MBGs) according to: [RsM — OH,]** +
MBG — [R;M — MBG]?** + H,O0. The binding energy of silanediol is only by few
kcal/mol inferior to that of HAM for zinc and iron complexes and is even slightly higher for
the triplet state of the (NH3)3Ni?* complex. For both MBGs studied in the ammonia
model the binding ability is nearly the same, i.e., Fe2*(t) > Ni?*(t) > Fe?*(q) >
Ni?*(s) > Zn?*. However, for the imidazole model the order is slightly different, i.e.
Ni%?*(t) > Fe?*(t) > Fe?'(q) > Ni%**(s) = Zn?*. Equilibrium structures of
the R3Zn?* complexes with both HAM and silanediol are characterized by the
monodentate binding, but the bidentate character of binding increases on going to iron and
nickel complexes. Two types of intermediates of the water displacement reactions for
[(NH3)3;M — OH,]** complexes were found which differ by the direction of the attack of
the MBG. Hexacoordinated complexes exhibit bidentate bonding of MBGs and are lower in
energy for M = Ni and Fe. For Zn penta and hexacoordinated complexes have nearly
the same energy. Intermediate complexes with imidazole ligands have only octahedral

structures with bidentate bonding of both HAM and dimethylsilanediol molecules.

Keywords: metal binding groups; binding energy; metalloproteases inhibitors; DFT; ab

initio; silanediol functionality.

239
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fM4.a1  INTRODUCTION

Metalloproteases are enzymes which play a crucial role in the catalysis of a
vast number of physiological processes including numerous human diseases such as
cancer and hypertension. The effective inhibiting of these processes is one of the main
goals in drug design. The active catalytic site of metalloproteases is a M2* cation
incorporated in enzymes [194-197]. The metal ion as a catalytic enzyme site is
tetrahedrally coordinated by three amino acids (most frequently by histidine) and an
exchangeable water molecule [194-203]. The mechanism of the catalytic activity of
proteases still remains controversial [196,204-207] but one of the plausible ways of
metal site catalytic activity is the interaction with substrate which may proceed when the
coordinated water molecule is displaced to allow the access of the substrate to the metal
center [208]. Replacement of this water molecule by the metal binding group (MBG)
inhibits the catalytic activity of the enzyme.

Thus, the ability of a MBG to displace a water molecule characterizes the
inhibiting properties of this group. Computational models for the estimation of the
strength of interaction between the binding group and a metal cation incorporated into
enzymes may be very useful for the design of drugs acting as inhibitors of enzymes.
Due to the crucial role of zinc in the activity of enzymes, [196] the majority of studies
have been focused on the search of the potent zinc hinding groups (ZBG). However,
many potent inhibitors failed clinically because they bind stronger to metals other than
zinc [209] therefore the selectivity of the binding group towards zinc is a desirable
property of the drug candidate.

One the most important examples from the standpoint of clinical use has been
the inhibition of angiotensin-converting enzyme (ACE). Inhibition of this enzyme is a
classic medicinal chemistry approach to the treatment of hypertension [210,211].
Numerous molecules, most of which contain metal chelators with carboxylic, amide or
hydroxamate functionalities were used as ACE inhibitors [212-214]. During the last
fifteen years, new effective inhibitors with geminal silanediol functionality were proposed
by the group of Prof. Sieburth [5,6,8,9,12].

There are several works in which the interaction of chelators with metal ions of
enzymes are studied by quantum chemical methods [150,215-233]. Since the theoretical

treatment of real enzyme structures is out of the reach for the state-of-the-art
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computational DFT and ab initio methods, in the computational models amino acid
residues in enzymes are mimicked using nitrogen containing molecules such as
ammonia or imidazole rings. Most of these studies deal with molecules with
hydroxamate functionality as most widely used and potent metal binding group [230-
232]. However, Sramko, Garaj, and Remko [150] used the ONIOM approach (combined
B3LYP-MNDO methods) for the study of the interaction between 29 neutral and
deprotonated enzyme inhibitors (including silanediol) and zinc cation with three first-shell
ligands as models of active site of angiotensin-converting enzyme.

Dobbs et al. [223] predicted structures of complexes between the model of
peptide deformylase, consisting of a metal dication (iron-(Il), cobalt (II), nickel(ll), or
zinc(ll)) wrapped in a tridentate spectator ligand 2-methyl-1-(Jmethyl-(2-pyridin-2-
ylethyl)-amino] propane-2-thiolate (PATH), and various metal binding groups. The study
was carried out using theoretical methods of higher level (B3LYP/DGDZVP single-point
energies on BP86/DGDZVP optimized structures) and for iron, nickel and cobalt the
structure of complexes in different spin states was revealed). However, silanediols were
not included in the list of inhibitors.

Here we present the results of the optimization at the hybrid DFT levels (B3LYP
and MO6L) of complexes between the enzyme models (tridentate amino acid residues with
an exchangeable water molecule) and dimethylsilanediol (as a relatively simple model of
an inhibitor containing the silanediol functionality). These complexes are compared with
analogous complexes with N-acetylhydroxylamine as one of the most potent inhibitor with

hydroxamic functionality.

M4a2 THEORY

Geometries of stationary points have been fully optimized and characterized by
harmonic vibrational frequency calculations using the B3LYP [108,109] and MO6L [68]
density functional methods. The latter functional was reported to have the best overall
performance of any functional (including the popular B3LYP) for the study of
organometallic thermochemistry and noncovalent interactions [156,157,234-236]. For
smaller systems, in which amino acid residues were modeled by ammonia molecules,

second-order Moller-Plesset perturbation theory (MP2) with the frozen core approximation
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[144] was also used. In order to account for long range dispersion forces, DFT-D3 [56]
program has been used to correct the calculated energies (B3LYP/cc-pVTZ) in larger
systems. The Dunning correlation-consistent sets [113] were employed. All the methods
and basis sets were used as implemented in the Gaussian09 program [155]. In the DFT
methods the integration was carried out with the Int=Ultrafine option and, for all the
methods employed, the geometry optimization criterion used were those corresponding to
the Gaussian09 Opt=Tight option. Natural bond orbital (NBO) [119] calculations were

accomplished using the program NBO v3.1 [237] as implemented in Gaussian 09.

M4.a3  RESULTS AND DISCUSSION

/4.a31 Models of the enzyme active site

Equilibrium structures of two models of Zn2*, Fe?*, and Ni%* containing
enzymes are presented in Figures lll.4.a.1 and lll.4.a.2. In the first model, the three amino
acid residues are replaced by ammonia molecules, while in the second one they are
replaced by an imidazole ring which mimics a histidine residue, which is a common
coordinating ligand in different metalloproteins.

Each of these two models has its own advantages and drawbacks. The
ammonia model allows one to use more sophisticated quantum chemical methods, while
the imidazole model is closer to the reproduction of steric hindrances around the metal
cation in real metallo-proteases.

Ammonia complexes of zinc (1, Figure 1ll.4.a.1) as well as the high spin states of
Fe?* and Ni%* complexes (2 and 3, Figure I1l.4.a.1) have structures with symmetry close
to Cs.

In the Zn2* complex the position of the water molecule depends on the basis
set, i.e. in structures optimized with the double-z set it intersects the symmetry plane,
while in those with triple-z set it lies in the plane. The difference between the in-plane and
out-of-plane Zn — N bonds also depends on the basis set employed: for cc-pVDZ two
out-of-plane Zn — N bonds are slightly longer than the in-plane bond and for structures
optimized with cc-pVTZ set the order is inverse (Figure 11l.4.a.1).

In the optimized structures of the high spin Fe2* complex (2) no such difference
was detected: in all structures the water molecule intersects the symmetry plane and in-

plane Fe — N bonds are shorter.
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Figure IIl.4.a.1. Equilibrium structures (bond lengths in A) of metalloprotease active site models with ammonia
ligands.

The similar position of water was found in optimized structures of the Ni
complex, although in this case the in-plane Ni — N bonds are substantially longer that
those out-of-plane. The other feature which was not observed in Zn?* and Fe?*
complexes is that the water molecule substantially deviates from the axis of the
(NH3)3Ni?* moiety. This deviation may be characterized as a difference between in-
plane and out-of-plane O — M — N bond angles (8 = 60 — M — N1-60 — M —

N2). This value in the zinc complex (1, Figure 1ll.4.a.1) is close to zero. In the high spin
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state of the [(NH3)3Fe — OH,]** complex its value is also small, while for the nickel

complex (3, Figure lll.4.a.1) it reaches 47°.

MOBL/ cc-pVDZ
MOBL/ cc-pVTZ

Figure Ill.4.a.2. Equilibrium structures (bond lengths in A) of metalloproteases active site models with imidazole
ligands.

Low spin states of the complexes [(NH3);Fe — OH,]** (4, triplet) and
[(NH3)3Ni — OH,]?* (5, singlet) have a square planar arrangement of ligands [223].
This difference in the structure of low and high spin states of transition metal complexes
was rationalized by Dobbs et al. [223] as resulting from the dramatic destabilization of the
highest of the singly occupied molecular orbitals (SOMOs) occurring when the tetrahedron
flattens. This orbital is not occupied in low spin states of these complexes and, therefore,
the square planar structure is more stable.

The NBO analyses of the high spin states of iron (2) and nickel (3) complexes
show that the SOMOs responsible for their structures have different configurations. In 2 it
has a large contribution of dz? electrons of Fe, while the highest SOMO of 3 is populated

by the Ni d,,, electron. This difference in the symmetry of the SOMO may lead to the
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different destabilization of this orbital on going from the tetrahedral to the square planar
configuration. Due to this difference the triplet state of the [(NH3)3Ni — OH,]**
complex has a significant deviation from the tetrahedral arrangement towards the square
planar one.

Note also that the energy difference between the high and low spin states of Ni
complexes is substantially lower than that for Fe complexes (Table Ill.4.a.1). Energy
minima for low spin states of both Fe?* (4) and Ni?* (5) complexes obtained at different
levels of theory has exact (B3LYP, MP2 for Fe?*) or approximate Cs symmetry. However,
the position of the water molecule differs in Fe?* and Ni?* complexes: in 4 it lies in the
symmetry plane of the molecule, while in 5 it intersects this plane.

Table 1ll.4.a.1. ZPVE corrected energy difference (4H,) between the high and low spin states of the
enzyme active site models [R3M — OH,]?** (R = NH;, C3N,H,; M = Fe, Ni).

M B3LYP MO6L MP2
cc-pVDZ  ccpVTZ  cc-pVDZ  cc-pVTZ  ce-pVDZ
R =NH;
Fe -23.2 -22.2 -28.1 -26.5 -48.3
Ni -80 6.4 -1.2 -5.6 -21.3
R = C3N2H4_
Fe -193 -18.5 -21.8 -20.4
Ni -35 24 -3.6 2.2

Similar complexes were found for the model with imidazole ligands (6 — 10,
Table I1l.4.a.2). More bulky imidazole substituents and the minimization of the repulsion
between these rings result in the absence of even approximate symmetry elements in their
equilibrium structures.

Computational problems connected with the substantially larger number of
atoms in the imidazole model allowed us to use only DFT methods for their optimization.
Nevertheless, the comparison of equilibrium bond lengths (Figure 11l.4.a.1) indicates that
the MO6L method gives results which are close to those of MP2 which may be considered
as the most reliable quantum chemical method employed. M — O bond distances in
imidazole complexes are slightly longer than analogous equilibrium bond lengths in
ammonia complexes. Note, also, that the energy difference between the high and low spin
Ni%* complexes substantially diminishes on going to imidazole complexes (Table
l1.4.a.1)
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Table llL.4.a.2. Gibbs free energies (AG,qg) Of the reaction [RsM — OH,]** + MBG —
[RsM — MBG]** + H,0.

B3LYP MO6L MP2
. cc-pvTZ
MBG  Spinstate .. \Dz cepvTZ DAT.D3 CpVDZ cepVTZ  cc-pvDZ
corrected
M=1Zn
HAM  singlet 208  -22.9 - 225 245 21
DMSD singlet 157 148 - 206  -193  -187
M = Fe
HAM triplet 265 217 - 307 295  -30.8
DMSD triplet 228  -19.8 - 209 337 -324
R NH HAM  quintet 246 261 - 2714 284 256
3 DMSD  quintet 207  -17.8 - 265 236 245
M = Ni
HAM  singlet 246 254 - 283 281 266
DMSD __singlet 189 171 - 231 213 215
HAM triplet 261 -265 - 204 317 281
DMSD triplet 259 230 - 318 285 -29.2
M=1Zn
HAM  singlet 108 -116 -16.9 154 -15.0
DMSD singlet -6.9 -5.8 -14.0 121 -10.0
R =CsN,H M= Fe
37204 HAM triplet -13.2 -13.6 -18.7 -19.7 -20.3
DMSD triplet 7.2 -4.8 -13.3 161 -13.9
HAM  quintet 125 131 -18.2 168 -16.9
DMSD _ quintet 7.2 -6.0 -13.9 135 119
M = Ni
HAM  singlet 110 130 -18.3 161 -165
DMSD __singlet 53 44 133 116 0.9
HAM triplet 150 147 -20.6 199 215
DMSD triplet -12.0 -9.2 -17.9 186 -16.8

4.a3.2 Complexes modeling the interaction between the active site and the MBGS.

Equilibrium structures of (NH3);M?* complexes with N-acetylhydroxylamine
(CH;C (= O)NH (OH), henceforth denoted as HAM), as a model of one of the strongest
MBG [36], and dimethylsilanediol ((C H;),Si(OH),, from now on denoted as DMSD), as
a model of the silanediol based protease inhibitors, are depicted in Figures 1I1.4.A.3-
[11.4.A.5 (11-20)- Further, the binding ability of these groups are estimated as the Gibbs
free energy of the [R3M — OH,]** + MBG - [R;M — MBG)** + H,O water
replacement reactions. These values, calculated with the different methods used, are
reported in Table Ill.4.a.2.

The complex formed by the (NH;);Zn?* cation and the HAM molecule
demonstrates a feature revealed in previous theoretical works and considered there as
unexpected [223-233]. This is a monodentate chelation of the hydroxamic functionality

through the formation of a single dative bond between the carbonyl oxygen of the binding
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group and the metal of the model system. This is in contrast to the bidentate chelation of
the inhibitor hydroxamates to the Zn?* cation observed in the X-ray studies of histone
deacetylases [198,200]. Our optimized structure of the complex with HAM, [(NH3)3Zn —
HAM]?* (11, Figure 11.4.a.3), also demonstrate the monodentate binding: Zn ...0 = C
interatomic distance (MP2/cc-pVDZ) is in the 1.975 A while the Zn ... OH distance is
3.006 A (Figure 11l.4.a.3).
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Figure IIl.4.2.3. Equilibrium structures (bond lengths in A) of the products of the water displacement reaction
[(NH3)3Zn — OH,)?** + MBG — [(NH;)3Zn — MBG)** + H,O for MBG = HAM,DMSD.

Monodentate binding is also observed in the DMSD complex (12, Figure
l.4.a.3). However, differences between shorter and longer Zn...OH contacts are
smaller. In the MP2 method these interatomic distances are 2.016 and 2.892 A
correspondingly.

In the Ni%* complexes (17-20, Figure 1ll.4.a.5) the tendency for the growth of
the bidentate character of chelation continues for the high spin (triplet) states: the DMSD
complex (18) belongs to the Cs symmetry point group with equal Ni...OH distances.
Nonetheless, the low spin (singlet) states of both HAM (19) and DMSD (20) complexes are
distinctly monodentate, in contrast to their iron analogs (15 and 16, Figure 11l.4.a.4).

High spin states (quintet) of Fe?* complexes have structures similar to those of
zinc analogues (13 and 14, Figure Ill.4.a.4). In the equilibrium structure of the HAM
complex (13) the Fe ...0 = C distance is also substantially shorter than the Fe ...OH
distance. Nevertheless, in the DMSD complex (14) the difference between two Fe ... OH
bond lengths is significantly smaller than in the analogous complex with zinc (12, Figure

[11.4.a.3). In the low spin state, i.e., triplet (15, Figure 1ll.4.a.4) as in the water complex (4,
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Figure Ill.4.a.1) a square planar arrangement of ligands occurs with a shorter Fe ...0 =
C contact. In contrast, in the triplet state of the DMSD complex the planar arrangement of
the (NH3);Fe?* moiety is seriously distorted due to the fact that both Fe ... OH bonds
are almost equal (16, Figure 11.4.a.4).
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Figure IIl.4.a.4. Equilibrium structures (bond lengths in A) of high spin (13, 14) and low spin (15, 16) states of the
products of the water displacement reactlon[(NH3)3Fe — OH,)** + MBG - [(NHs)sFe — MBG]** +
H,0 for MBG = HAM,DMSD.
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Figure IIl.4.2.5. Equilibrium structures (bond lengths in A) of high spin (17, 18) and low spin (19, 20) states of the
products of the water displacement reaction[(NH3);Ni — OH,]** + MBG - [(NH;3)sNi — MBG]** +
H,0 for MBG = HAM,DMSD.
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Equilibrium structures of complexes modeled using the Zn2* cation and three
imidazole rings, (C3N,H,);Zn?*, to mimic the enzyme active site and both HAM (21)
and DMSD (22) as MBGs are depicted in Figure 1ll.4.a.6. As can be seen, they have the
same pattern of metal binding that the abovementioned ammonia models (Figure 11.4.a.3).
However, the difference between Zn ...0 distances slightly decrease. This tendency
cannot be traced in imidazole complexes of Fe (23-26, Figure 1ll.4.a.7) and Ni (27-30,
Figure 111.4.a.8).

MO6L/ cc-pVDZ
MO6L/ cc-pVTZ

Figure I11.4.2.6. Equilibrium structures (bond lengths in A) of the products of the water displacement reaction
[(HyC3N,)3Zn — OH,?* + MBG — [(H,C5N,)3Zn — MBG]** + H,0 for MBG = HAM, DMSD.

In general, M ... O bond distances in imidazole complexes are longer than in the

corresponding ammonia complexes.
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Figure IIl.4.a.7. Equilibrium structures (bond lengths in A) of high spin (23, 24) and low spin (25, 26) states of the
products of the water displacement reaction[(H,C3N,)sFe — OH,]** + MBG — [(H,C3N,)3Fe —
MBG)** + H,0 for MBG = HAM,DMSD.
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Figure I11.4.2.8. Equilibrium structures (bond lengths in A) of high spin (27, 28) and low spin (29, 30) states of the
products of the water displacement reaction[(H,C;N,)3Ni — OH,]** + MBG — [(H,C3N,);Ni—
MBG]2+ + H,0 for MBG = HAM,DMSD.

4.a.3.3. Binding abilities of the MBGs

The slightly weaker bonding in the imidazole model manifests in the lower
energies calculated for the reaction [R;M — OH,]** + MBG — [R;M —
MBG]** + H,0. This reaction is used as a measure of the binding ability of different
MBGs [223]. In the analysis of the data we will focus on the comparison between binding
ability of one of the strongest binder, which is HAM, and DMSD (Table 1ll.4.a.2). Gibbs
free energies of the water replacement reaction are used as characteristics of hinding
ability.

Three quantum chemical methods were used for the estimation of these values:
DFT functionals B3LYP and MO6L (with cc-pVDZ and cc-pVTZ basis sets), and, only for
ammonia complexes, ab initio MP2 method with the cc-pVDZ basis set. Since MP2
method may be considered as the most reliable we may judge the performance of DFT
methods as they imitate the MP2 results. From this point of view MO6L gives closer to
MP2 energies (Table Ill.4.a.2), while B3LYP slightly underestimates hinding energies.
Noticeably, DFT-D3 dispersion correction of the B3LYP/cc-pVTZ Gibbs free energies
(calculated for those systems which size prevented running MP2 calculations) bring the
calculated values close to MO6L/cc-pVTZ values (Table 111.4.a.2).

For M = Zn the silanediol group is only by 2 kcal/mol weaker binder than HAM.
All methods (for the ammonia and imidazole models) predict that both HAM and DMSD
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exhibit stronger hinding for the low spin state of the iron cation (triplet) than for its high spin
state (quintet). Note, that the binding abilities estimated with MP2 and MO6L methods and
the cc-pVDZ basis set for the silanediol group are higher in the triplet state and nearly
equal in the quintet state when compared to values calculated for the HAM complexes. In
contrast to this, B3LYP predicts substantially stronger binding of HAM in both triplet and
quintet states.

For [(NH3)3Ni — MBG]?* complexes, all methods predict higher binding in
the high spin (triplet) state. In this state, DMSD appear to be a slightly better binder than
HAM, according to MP2 and MO6L results, while in the singlet state HAM is preferred
(Table 1ll.4.a.2).

In general, the order of binding ability for the silanediol group, i.e., Fe?*(t) >
Ni?*(t) > Fe?*(q) > Ni**(s) > Zn** in ammonia models, is close to that in HAM
models, which differs only in the relative values for Fe?* (q) and Ni?*(s). DMSD shows
the predominance of Fe?*(q), while for HAM complexes these values are almost equal.
However, in imidazole models the order is slightly different. Here the binding ability of

HAM and silanediol functionalities for Ni%* (t) complexes is higher than those for Fe?*.

/l4.a.34. Intermediates in the water displacement reaction.

In previous theoretical studies of the interaction between metal complexes and
inhibiting molecules the intermediate in the reaction of the water displacement were not
regarded. Since transition metal cations may increase their coordination up to six ligands
[238-241], one may conclude that the complex formed by the attack of MBG on [RsM —
OH,]?* should be an energy minimum rather than a transition state. Indeed, complexes
of HAM (31-32) and DMSD (33-34) with the ammonia [(NH3);Zn — OH,]** model of a
Zn-enzyme active site (Figure 111.4.a.9) are minima on their potential energy surfaces.

There are two modifications of these complexes; one which is formed by the
back-side attack of the MBG on the [(NH3)3Zn — OH,]** complex (31, 33), the other
by the front-side attack (32, 34). Note, that these two types of complexes may be realized
only for complexes with small ammonia ligands. However, as discussed below, only one
type of complexes exist in the models with more bulky imidazole ligands. The back-side
complexes (31, 33 Figure 11l.4.a.9) originates from the attack of the MBG on 1 (Figure

l11.4.a.1) from the side opposite to a water molecule. It has a trigonal bipyramidal structure
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with a pentacoordinated zinc atom. The coordination of both HAM and DMSD s obviously

monodentate (the second Zn ... O interatomic distance is over 3 A). However, in the front-

side HAM complex (32) Zn ... O interatomic distances are more equal and the structure

looks like distorted octahedron. Zn ... O bonds become almost equivalent in the DMSD

complex (34). Despite the quite different structures of back-side and front-side complexes,

the difference in energies between them is very small (Table 3).

MOBL/ cc-pVDZ
MP2/ cc-pVDZ

Figure I11.4.2.9. Equilibrium structures (bond lengths in A) of the intermediates in the back-side (31, 33) and front-
side (32, 34) attack of the MBG in the water displacement reaction [(NH3);Zn — OH,]** + MBG —
[(NH3)3Zn — MBG]?** + H,0 for MBG = HAM, DMSD.

Table Ill.4.a.3. Energies (kcal/mol) of the formation of the complex between [R;M — OH,]%**and
MBGs estimated by MO6L and MP2 methods with cc-pVDZ hasis set.

MBG (aftack) spin MO6L/cc-pVDZ MP2/cc-pVDZ
n°in Figs. IILIV.1.9-13 state  AE, AE, AG,o3 AE, AE, AGyeg
M=12n
HAM (back) 31 singlet  -47.2 -463 -333 -46.2 -452 -33.1
HAM (front) 32 singlet  -463 -458 -33.0 -44.9 -440 -316
DMSD (back) 33 singlet  -46.0 -445 -30.9 -43.8 -425 -295
DMSD (front) 34 singlet  -458 -447 -304 -41.7 -414 288
M = Fe
HAM (back) 35 quintet 517 -515 -40.6 -52.1 -514 -40.1
HAM (front) 36 quintet 540 -539 -425 -534 -52.7 -413
R=NH;  DMSD (back) 37 quintet  -53.0 -52.8 -40.5
DMSD (front) 38 quintet -53.1 -52.8 -415
HAM 39 friplet 618 -61.3 -49.6 -624 -62.3 -50.8
DMSD 40 triplet -584 -58.2 -46.5
M=Ni
HAM (back) 41 friplet -56.3 -55.2 -43.0 -554 -54.1 -42.0
HAM (front) 42 triplet  -62.5 -61.2 -47.9 612 -60.1 -474
DMSD (back) 43 friplet 611 -600 -46.0 -58.6 -58.0 -51.2
DMSD (front) 44 friplet 621 -609 -473 -59.2 -584 -52.2
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Table 3. Energies (kcal/mol) of the formation of the complex between [RsM — OH,]**and
MBGs estimated by MO6L and MP2 methods with cc-pVDZ basis set. (Continuation)

M=7Zn
HAM 45 singlet -340 -332 -21.1
DMSD 46 singlet -315 -309 -17.9
M = Fe
R =C3;N,H, HAM47 quintet  -38.6 -37.5 -23.6
DMSD 48 quintet  -38.1 -37.3 -235
M =Ni
HAM 49 triplet -46.9 -455 -31.6
DMSD 50 triplet -455 -44.3 -30.1

Analogous complexes for the quintet state of iron (35-38, Figure 1ll.4.a.10) have

noticeably higher bidentate character of Fe ... O bonding.

MO6L/ cc-pVDZ
MP2/ cc-pVDZ

Figure IIl.4.a.10. Equilibrium structures (bond lengths in A) of high spin states (quintet) of the intermediates in the
in the back-side (35, 37) and front-side (36, 38) attack of the MBG in the water displacement reaction reaction
[(NH3);Fe — OH,)** + MBG — [(NH3);Fe — MBG]** + H,O0 for MBG = HAM, DMSD.

Even for the HAM complexes the difference in Fe ... 0 bonds do not exceed
0.4A (MP2 results), while for the DMSD complexes this difference is below 0.1 A. All the
structures have the shape of a distorted octahedron, only in the case of back-side
complexes a water molecule and a short Fe ...0 bond to a MBG group are in axial
positions (35,37), while for front-side complexes (36,38) these axial positions are occupied
by the water molecule and one of the ammonia ligands. The energy differences between
back-side and front-side complexes is also small, but in contrast to the zinc analogues the

front-side complexes of Fe have slightly lower energies.
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Equilibrium structures of the complexes of the triplet state of [(NH;);Fe —
OH,]?* with HAM (39) and DMSD (40) are depicted in Figure Ill.4.a.11. They have the
form of a distorted octahedron, similar to the analogous high spin structures 35 and 37.
Their complexation energies, as for other low spin state complexes, are by ca. 10 kcal/mol
higher (Table 3).
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MP2/ cc-pVDZ
Figure IIl.4.a.11. Equilibrium structures (bond lengths in A) of low spin states (triplet) of the intermediates in the

water displacement reaction [(NH3);Fe — OH,)** + MBG — [(NH3);Fe — MBG]** + H,O for
MBG = HAM,DMSD.

The triplet state of the [(NH3)3Ni — OH,]?* complex (41, Figure 11l.4.a.12)
formed by the back-side attack of HAM has a distorted trigonal bipyramidal structure and
is bound to HAM in a monodentate fashion, similarly to the analogous complex of zinc (31,
Figure 111.4.a.9). However, the second complex (42) has a bidentate bonding to HAM
oxygen atoms and an octahedral structure. It is more stable than 41 by ca. 6 kcal/mol
(Table 3).

Both complexes of DMSD (43 and 44) have octahedral structure and bidentate
bonding. Complex 44 is a nearly perfect octahedron. Note, that due to rather short and
almost equal Ni — N and Ni ... O distances, equilibrium bond lengths optimized in MO6L
and MP2 methods are nearly equal. This complex also has the highest complexation
energy among all the intermediate complexes studied.

All attempts to find a penta- or hexacoordinated intermediates for the attack of
both HAM and DMSD molecules on the [(NH3)3Ni — OH,]?* singlet complex (similar
to analogous complexes for the low spin state of iron, structures 39 and 40) failed.
Structures converge to complexes 19 and 20 (Figure Ill.4.a.5) with a water molecule

hydrogen bonded to ammonia ligands.
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Figure IIl.4.a.12. Equilibrium structures (bond lengths in A) of high spin states (triplet) of the intermediates in the
in the back-side (41, 43) and front-side (42, 44) attack of the MBG in the water displacement reaction
(NH3)3Ni — OH,)** + MBG - [(NH3);Ni — MBG)** + H,0 for MBG = HAM,DMSD.

In complexes with bulky imidazole ligands, the possibility of different ways of the
attack is sterically restricted. Therefore, only one type of intermediate complex was found
for tetrahedral models. All complexes may be described as a distorted octahedron. In the
zinc complex (45, Figure 11l.4.a.13) the oxygen atoms of the water molecule and the
carbonyl group of HAM are in axial positions, while the nitrogen atoms of the imidazole
rings and the HAM hydroxyl oxygen may be assigned to equatorial positions despite the
rather large Zn ... O distance of the latter. In the octahedral complex with the silanediol
group (46) the bonding is completely bidentate. The bidentate character of bonding of
HAM is increasing in Fe (47, Figure lll.4.a.14) and Ni (49, Figure 11l.4.a.14) complexes.
These complexes as well as the analogous complexes with DMSD (48,50) have

octahedral structure.

MO6L/ cc-pVDZ

Figure I11.4.a.13. Equilibrium structures (bond lengths in A) of the intermediates in the water displacement
reaction [(H,C5N,)3Zn — OH,]** + MBG — [(H,C3N,)3Zn — MBG]** + H,0 for MBG =
HAM,DMSD.

o
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Formation energies of imidazole complexes are lower than corresponding

ammonia complexes, but the difference between energies of complexes with HAM and

DMSD remains unchanged with those for DMSD being by a few kcal/mol lower than those

for HAM complexes.

Figure IIl.4.a.14. Equilibrium structures (bond lengths in A) of the high spin states of the intermediates in the
water displacement reaction [(H,C3N,);Fe — OH,]** + MBG - [(H,C3N,)sFe — MBG]** + H,O0 for

MBG = HAM,DMSD.

/4.a4. CONCLUSIONS
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Enzymes are modeled by the tridentate complexes of Zn?*, Fe?* and
Ni%*metal dications with an exchangeable water molecule in which amino acid
residues are mimicked by (i) ammonia and (i) imidazole ligands. The inhibiting
activity of the silanediol functionality is compared to that of hydroxamic acids
(HAM) by the calculation of the energies of the water displacement reaction by
metal binding groups [RsM — OH,]** + MBG — [RsM — MBG]** +
H,0,where R = NHyand CsN,H,, M = Zn, Fe, Ni.

The equilibrium geometries of the [R;M — OH,]?*complexes and the high
spin states of the iron and nickel analogous are characterized by their distorted
tetrahedral structure in which the water molecule lies on the axis of the R; M2+
group for R = Zn and Fe, but substantially deviates from this axis for R = Ni.
Low spin states of iron and nickel complexes have a square planar arrangement
of ligands.

Distances between the metal atom and oxygen atoms of HAM as well as of

silanediol are quite different for [R;Zn — HAM]?* complexes (monodentate
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10.

11.

binding) but become more equal on going to the high spin states of iron and
nickel (bidentate binding).

The comparison of the different quantum chemical methods employed for the
prediction of the water displacement reaction energies demonstrate that the DFT
MO6L method gives closest results to those of MP2, than the widespread B3LYP
functional.

The binding energy of DMSD is only by few kcal/mol inferior to that of HAM for
Zn2* and Fe?* and is even slightly higher for the triplet state of (NH3)3Ni%*
as revealed by MP2 and MO6L methods.

All methods predict that both HAM and DMSD have stronger binding for the iron
cation in the low spin state than for the high spin iron, although for nickel the
inverse order of binding may be observed.

For both MBGs studied in the ammonia model the binding ability is nearly the
same, i.e. Fe?*(t) > Ni?*(t) > Fe?*(q) > Ni?*(s) > Zn?*. For the
imidazole model the order is slightly different, i.e. Ni?*(t) > Fe?*(t) >
Fe?*(q) > Ni?**(s) = Zn?*.

Two types of intermediate complexes in the reaction of the water displacement
from the [(NH3)sM — OH,]**model of metalloprotease, which differ by the
direction of the attack of MBG, were found. Complexes formed by the back-side
attack of HAM (in the direction opposite to a water molecule) on the models of
zinc protease and high spin states of iron and nickel models are trigonal
bipyramidal and have monodentate bonding to the MBG, while for those
originating from the front-side attack the bidentate character of bonding
increases and complexes have a structure of a distorted octahedron.

All intermediate complexes with the silanediol group, exception made of the
back-side complex for zinc, are hexacoordinated with a bidentate bonding to the
oxygen atoms of the silanediol group.

All intermediate complexes with imidazole ligands have octahedral structure with
bidentate bonding of MBGs.

Complexation energies of these complexes are substantially lower that
corresponding complexes with ammonia ligands but the tendencies are similar:
energies are close for HAM and DMSD and they decrease on going from nickel

to zinc.
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Blogue 4, seccidn b: Estudio tedrico de los modelos de interaccion y energias de enlace

ade la fucionalidad Si(OH), con modelos de sitio activo conteniendo cationes Zn (I1)

Sobre la base de los resultados obtenidos anteriormente (recogidos en la
seccion a) seguimos profundizando en el mecanismo de interaccion de la funcionalidad
gem-silanodiélica con cationes metélicos, mas concretamente el Zn(II), en entornos que
podrian asemejarse a modelos simplificados de la primera esfera de coordinacion de este

catién en metaloproteasas.

Para este fin, en lugar del uso del excesivamente sencillo dimetilsilanodiol (que
por otra parte no ha mostrado actividad biologica alguna) como modelos de ligando se
emplearon las especies N-[dihidroxi (metil) sill] metilformamida (DHSF) 3-
[dihidroxi(metil)sililjpropanamida  (DHSP), y  3-(dihidroxisilanodiil) ~ dipropanamida
(DHSDP), estructuralmente semejantes a especies que ya han mostrado capacidad como
inhibidores de proteasas. De los resultados del anlisis conformacional de estas especies
se da cuenta en el bloque 2.

Como modelos de sitio activo, una vez puesto de manifiesto la excesiva
simplicidad de sistema [Zn(NH3); — OH,]** (ver seccion a en bloque 4), se
emplearon dos tipos distintos de modelo de sitio activo: uno que mimetizase la primera
esfera de coordinacion de metaloproteasas tipo enzima convertidora de angiotensina-|
(ACE) ([Zn(Imdz); — OH,]?*, cuya conveniencia ya habia sido puesta de manifiesto
en la seccion anterior) y otro que mimetizara la primera esfera de coordinacion de
metaloproteasas  tipo  termolisina  (TLN)  ([Zn(Imdz),R — OH,]**,  con
R =formaldehido (a), acetona (b) o &cido acético(c)). Las moléculas de formaldehido,
acetona y acido acético, fueron las unidades moleculares testadas para mimetizar el
residuo de &cido glutdmico tipicamente presente en el sitio activo de TLN.

El poder quelante de este grupo de MBGs se estimd a través del calculo de sus
correspondientes reacciones de desplazamiento de agua [R;M — OH,]** + MBG —

[R;M — MBG]** + H,0, tanto en fase gas como en disolucion acuosa bajo la
aproximacion PCM.

En cuanto al nivel de célculo, de acuerdo con lo observado anteriormente, se

eligio el funcional MO6L con la base cc-pVDZ, combinacién que condujo a un adecuado
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balance entre la precisién de los resultados y el coste computacional, un aspecto muy a
tener en cuenta debido al apreciable tamafio de los sistemas estudiados y su complejidad.

Las geometrias y las energias de los complejos formados por el ligando DHSF y
los tres tipos de modelos usados para mimetizar los sitios activos de enzimas tipo TLN, se
compararon con los valores obtenidos para los complejos con el modelo de ACE. Asi, las
energias calculadas para este ligando, disminuian en el orden (a)>(b)>(c). Ademas, las
energias de enlace calculadas para el modelo (c) fueron similares a las obtenidas para el
modelos tipo ACE. Puesto que este modelo de sitio activo se presupone como un modelo
razonablemente bueno (en cuanto a coste computacional y fiabilidad), el modelo de sitio
activo TLN(c), es decir Zn(Imdz),COOH — OH,]**, se us6 en adelante para la
evaluacion del resto de MBGs como grupos quelantes.

Se observo que existen tres posibilidades de enlace para los MBGs estudiados:
monodentado, pseudo-bidentato y pseudo-tridentado. Entre estos, la interaccion pseudo-
bidentada (geometria tetraédrica distorsionada) y la interaccion pseudo-tridentada
(geometria octaédrica distorsionada) rindieron los mayores valores de energia de enlace,
tanto en fase gas como en disolucion acuosa. La tendencia de energias de enlace
calculadas en fase gas y en disolucién se mantuvo inalterada pero, en promedio, los
valores obtenidos en disolucion eran unas 20 kcal/mol inferiores.

Por otro lado, el mayor poder quelante se calculé para el peptidomimético
modelo de mayor tamafio (DHSDP).

Las teorias NBO y AIM se implementaron para evaluar la estructura electrénica
de los complejos pseudo-bidentados y pseudo-tridentados de los tres ligandos. La
implementacion de estas metodologias ayudo a justificar los parametros geométricos y los
valores de energias de enlace calculados para los complejos con esta geometria. Asi, la

comparacion de las distancias de enlace, los pardmetros NBO y AIM (es decir, la energia
NBO de transferencia de carga, ZE(S? y la Laplaciana de la densidad electronica,
V2p(r), en los puntos criticos de enlace) y los valores calculados de energia de enlace

en fase gas, sugeria que un mayor poder quelante estaba relacionado con una mayor

deslocalizacion electrénica en torno al catién metalico.

La metodologia empleada para este estudio y los resultados que han sido

expuestos someramente en este resumen, quedan detallados en el articulo cientifico
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“Interaction models of the Si(OH), functionality with Zn2* cation in simplified biological
environments. A DFT study” que ha sido publicado en Structural Chemistry (DOI 10.
1007/s 11224-013-0258-5), cuya version previa a la impresion y ligeramente modificada,

para dar cabida a informacion adicional, queda recogida en las siguientes paginas.
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Interaction models of the Si(OH), functionality with Zn>* cation in simplified
biological environments. A DFT study
M. P. G. Rodriguez Ortega, M. Montejo, J. J. Lopez Gonzélez

Structural Chemistry (DOI 10. 1007/s 11224-013-0258-5)

ABSTRACT

We report a DFT study (MO6L/ cc-pVDZ) of the interactions between the Si(OH)2 group in
three simplified gem-silanediols (i.e. N-[dihydroxy (methyl) silyl] methyl} formamide
(DHSF), 3-[dihydroxy (methyl) silyl] propanamide (DHSP) and 3,3-(dihydroxysilanediyl)
dipropanamide (DHSDP)), which have a similar structure to silanediol-based inhibitors of
metalloproteases, and simplified active site models: [Zn(Imdz); — 0H,]** and
[Zn(Imdz),R — OH,]** where R can be a formaldehyde, an acetone or an acetic acid
molecule. These models partly resemble the structure of the first coordination sphere of
some metalloproteases (e.g. angiotensin-I converting enzyme and thermolysin)

Different types of bonding patterns were found for the systems into study. The three
related silanediols may coordinate with the zinc dication in monodentate, pseudo-bidentate
and pseudo-tridentate way. Pseudo-bidentate interaction was reported to be that
corresponding to the silanediol transition-state-analogue of the thermolysin enzyme as
confirmed by the X-ray structural study [12].

The binding ability of the mentioned silanediols was determined as the energy of the water
displacement reaction for the mentioned active sites models in gas-phase and in water
solution (PCM model). The calculated binding energies point out to the higher strength of
the pseudo-bidentate Zn2*-MBG interaction. Moreover, DHSDP ligand is calculated to be
the strongest MBG for Zn?* in hoth active sites models.

NBO population analysis and the AIM methodology were implemented as a tool for
evaluating electronic structure of the complexes. The results obtained may point out to the
fact that the higher the electronic delocalization around the metal center is, the stronger
the interaction between the MBG and the active site, bringing about a higher binding
energy.

Keywords: Gem-silanediol, zinc cation, active site model, DFT, binding energy.
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461  INTRODUCTION

The proteolysis reaction (hydrolytic breaking of peptides) is of great importance
in many physiological and pathological processes such as cell proliferation, infection and
tissue repair, among others. Hence, the development of inhibitors of protease enzymes,
which catalyze this reaction, has become an important issue in pharmaceutical and
biochemical research during the last decade [242].

Angiotensin I-converting enzyme (ACE) and Thermolysin (TLN) are two of the
prototypical zinc metalloproteases, which have been widely studied due to their important
roles for controlling different physiological functions. For instance, ACE is a major drug
target for cardiovascular diseases due to its main role in blood pressure regulation by
catalyzing the proteolysis of angiotensin | to angiotensin Il (vasopressor) [243,244]. Thus,
ACE inhibitors have therapeutic potential in the treatment of hypertension and heart failure
[210,211]. Moreover, besides the purely physiological activity of TLN, it has been found to
be a useful catalyst in protein engineering [245].

These two enzymes have similar coordination sphere, where a zinc dication is
tetrahedrally coordinated to a water molecule and to three amino acidic residues
(commonly histidine and glutamate). Their catalytic activity is thought to be initiated when
the coordinated water molecule is displaced to allow the access of the substrate to the
metal center [208]. Consequently, the inhibition mechanism (although is still under
discussion) seems to take place via the formation of a complex between the inhibitor and
the active site (containing a Zn dication) avoiding the coordination of the substrate to the
metal center.

The general criterion for the design of protease’s inhibitors is to replace the scissile bond
of a peptide substrate with a non-labile tetrahedral intermediate, which mimics the geminal
diol tetrahedral intermediate, able to be bound to the active site of the enzyme. Following
that pattern, phosphorus-based [246], nitro-based [247], thiol-based [214,248] and
carboxylic-based [249] peptidomimetics have demonstrated activity as metalloproteases
inhibitors. Silanediol-based peptidomimetics (silicon bioisosteres) [5,6,8,9] are a relatively
new class of protease inhibitors (aspartic and metalloproteases) in which the unstable
intermediate of the proteolysis reaction (hydrated carbonyl) is mimicked employing a
central silicon atom. The interest on the use of silanediol motif lay on its major tendency to

retain the tetrahedral geometry and on its excellent properties as hydrogen donor and
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acceptor [250,178], which can be important in the formation and stabilization of the
enzyme-substrate complex.

The activity of a given inhibitor depends (to a certain extent) on the strength of
the interaction between the metal-binding group (MBG) and the Zn2*. In fact, it has been
shown that ligand-metal ion interaction in the active site can significantly influence overall
binding affinity of an inhibitor in metal ion-containing active site [208,228,251-252)].
However, a well-balanced profile of other physicochemical properties (e.g. structural
parameters of the inhibitor, steric effects, and lipophilicity, among others) which influence
the drug's pharmacokinetics is required for achieving inhibition. Since the direct
experimental determination of structural and thermodynamic parameters of substrate-
metal interactions is not straightforward, the study of the binding affinity of certain MBGs
for metallic centers using the methods of computational chemistry may help to a better
understanding of the nature of the ligand-enzyme interaction, and hence, may result a
necessary first step in the design of new protease inhibitors.

In the present study, we have used computational chemistry methods (DFT/
MOBL cc-pVDZ) to study theoretically the binding properties towards Zn?* of three silicon-
based peptidomimetics (namely, N-[dihydroxy (methyl) silyl] methyl}formamide (DHSF), 3-
[dihydroxy (methyl) silyl] propanamide (DHSP) and 3,3-(dihydroxysilanediyl)
dipropanamide (DHSDP), Figure 11l.4.b.1). In fact, these three molecules resemble the
structures of silanediols that have proven efficiency as protease’s inhibitors (aspartic and

metalloproteases) [5,6,8,9].

HDSF HDSP N HDSDP H,N
>
O
" " /\/j\ i
/Si\/\NH/\O Ho/Sl\ © )k/\ /
HO CH, CHs HoN /SI\OH
HO

(1) (2) 3)
Figure l1.4.b.1. Structure of silanediols used as MBGs. (1) N-[dihydroxy(methyl) silyllmethyl} formamide (DHSF).
(2) 3-[dihydroxy(methyl)silyllpropanamide (DHSP) and (3) 3.3'-(dihydroxysilanediyl)dipropanamide (DHSDP).

It is worth noting that, in spite of the growing interest in silanediol-based
compounds as protease inhibitors, there is a lack of theoretical studies dealing with the
nature of the MBG-Zn2* interaction [150-153]. Besides, in those studies the silanediol
group is mimicked by a dimethylsilanediol molecule (although it is known the lack of

biological activity of alkylsilanediols).
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As concerns the simplified active site models used, they have been designed so
that they partly reproduce the first coordination sphere in common Zn?2*t
metalloproteases, which generally consist of a zinc dication, imidazole rings, a carboxylic
acid and a water molecule [198,200,228,220,253].

The structures of the complexes formed between the active site models and the
three silicon-based peptidomimetics have been optimized using the MO6L/ cc-pVDZ level
of theory.

Further, as the catalytic activity of these enzymes seems to be initiated when
the water molecule is withdrawn by the substrate being able to access to the metal center,
the binding ability of the aforementioned peptidomimetics was theoretically calculated
according to the energy of the water displacement reaction [R,R'Zn — OH,]**(g) +
L(g) = [R,RZn — OH,]**(g) + H,0(g) in such systems both, in gas phase and in
water solution. The values of the binding energies calculated for the complexes were
evaluated by performing a combined NBO-AIM analysis which allowed us to justify the

binding ability of the ligands in terms of the electronic structure of the systems into study.

M4b2 THEORY

M4.b.2.1. Computational details
Geometries of stationary points were fully optimized and characterized as true

minima by harmonic vibrational frequencies calculation using the MO6L pure density
functional [68] in conjunction with the cc-pVDZ Dunning correlation-consistent basis set
[113]. The MO6L functional has been reported to have the best overall performance for the
study of organometallic thermochemistry and noncovalent interactions [156,157,234,235].
Further, the MO6L/ cc-pVDZ method has proven his reliability for the study of related
systems elsewhere [198,200].

All DFT calculations were performed using the Gaussian 09 [155] suite of
programs. Geometry optimization criterion used were those corresponding to the
Gaussian09 Opt=Tight option.

Solvent calculations (water solution) were carried out according to the
Polarizable Continuum Model (PCM) [116] as implemented in Gaussian 09.Natural Bond
Orbital (NBO) [119] calculations were accomplished using the program NBO v3.1 [237] as
implemented in Gaussian09. AIM calculations based on Bader theory [82] were performed
using AIM2000 program [160,161].
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4563  RESULTS AND DISCUSSION

Typically, Zinc coordination sphere in matrix metalloproteases (MMPS) consists
of three amino acid residues, a combination of histidine, glutamate, aspartate and
cysteine, and one exogenous ligand. In catalytic active sites, histidine is the most
frequently observed residue followed by glutamic acid. The exogenous ligand may be a
changeable water molecule or a substrate (the inhibitor’s zinc binding group, ZBG), which
completes the tetrahedral coordination sphere [198,200,254].

The active site models were modeled taking into account (i) reliability of
coordination sphere and (ii) computational tackling. The active site models used in this
work bear a resemblance to the first coordination sphere of two prototypical enzymes

(angiotensin-I converting enzyme and thermolysin).
[Zn(Imdz); — OH,)** mode/

Equilibrium structure of this model is presented in Figure 11.4.b.2. In this model,
imidazole rings are used to mimic histidine residues. Imidazole ring is a common ligand
used in enzymatic modeling as this molecule is supposed to reproduce reasonably the

steric hindrances around the metal cation in this kind of metalloproteases.

MO6L/ cc-pVDZ

Figure II1.4.b.2. Equilibrium structure (bond length in A) of [Zn(Imdz); — OH,]?* active site model
Optimized structure of [Zn(Imdz); — OH,]?>* active site model has a

distorted tetrahedral arrangement of ligands. Zn — N bond distance of the imidazole ring

which intersects the N, —Zn — N, angle is somewhat longer than the remaining
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Zn — N distances, which are alike. The water molecule lies in the plane which intersects
the N, — Zn — N, angle, and Zn — OH, bond distance is calculated to be longer than
Zn — N bond lengths.

[Zn(Imdz),R — H,01*" with R = formaldehyde, acetone or acetic acid

Three models of active site were designed depending on the ligand used for
mimicking glutamic acid residue. Equilibrium structures of these three models are
presented in Figure 111.4.b.3. Glutamic acid residue was mimicked using (a) formaldehyde,
(b) acetone and (c) acetic acid. This last model was constructed from a 1.95 A resolution
crystal structure of TLN (PDB ID: 2TLI). The so-called model (c) was calculated to have

the lowest zero-point (E,) and Gibbs free (G) energy values.

MOBL/ ce-pvDZ

<4
2073 J 2083

2 o7z 2.003 W
967 o7 Hsﬁg 95}/".\
G

Figure 11l.4.b. 3 Equmbrlum structure (bond length in A) of [Zn(Imdz),R — OH,]?* active site model. (a) R
formaldehyde model, (b) R = acetone model and (c) R = acetic acid model

All optimized structures of active site models have distorted tetrahedral
geometry. In general, Zn — OH, bond distances are shorter in [Zn(Imdz),R —
OH,]?* model than in [Zn(Imdz); — OH,]** model. Similarly, Zn — N bond lengths
of [Zn(Imdz); — OH,]** are considerably larger than that found in the three different
[Zn(Imdz),R — OH,]** active sites models.

The geometries of models (a) and (b) are alike. The Zn — OH,, bond distance is
only 0.01A larger in model (b). Also in this model, both Zn — N bond lengths are almost
equivalent whereas in model (a) one is larger than the other. Zn — O bond distance is
larger in model (b). Zn — O distance in model (c) takes an intermediate value between
the above mentioned.

The position of one of the imidazole ring also varies depending on the model. In
model (a) and (b) one of the imidazole rings is slanted respect to the axis described by the
Zn — OH, bond. In contrast, in model (c) the plane of this imidazole ring contains the
axis described by the Zn — OH,, bond.
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4632 Complexes of the [Zn(Imdz); — OH,]** and [Zn(Imdz),R —
OH,)** active site models with the MBGs.

Three different silicon-based peptidomimetics (similar to those systems which
have been tested as potential inhibitors of metalloproteases) have been used as MBGs of
the above described active site models. The mentioned peptidomimetics have been
modeled following a similar pattern (although simplified in terms of number of atoms) than
that found in the systems which have demonstrated biological activity. Structure of these
three molecules is shown in Figure [ll.4.b.1. Formation of studied complexes can be
described by the water replacement reaction (1):

([R,R'Zn — OH,]**(g) + L(g) - [R,RZn — L]**(g) + H,0(g) (1)

where [R,R'Zn — 0H,]?* is the model used to mimic the active site of the enzyme with
R = R’ = imidazole ring in the model used to resemble ACE active site, and R =
imidazole ring and R’ = formaldehyde (a), acetone (b) or acetic acid (c) in the active site
model used to mimic the first coordination sphere of TLN active site, L represents ligand
(inhibitor model) and [R,RZn — L]?**represents final complex. The binding ability of
these MBGs were estimated considering the value of their respective binding energies
(BE) and hinding free energies (BFE) of the complex formed by means of the equation (2)

and (3), respectively:

AE*® = (E[2R928R "Zn-1] + Eﬁg%) - (E[2R928R’Zn—oyz 2+ HE 98) 3]
A6 = (Gl ey + G735) = (Glagw znonapr+ + G2 (3)

These values, calculated at the MO6L/ cc-pVDZ level of theory, are reported in
Tables l11.4.b.1, ll.4.b.2 and 111.4.b.3.

The search for the complexes of the different active site models with the
mentioned silanediols were performed taking into account the conformations of minimal
energy of each silanediol peptidomimetic which was previously studied [255]. In this way, a
total of 66 complexes were designed (considering the four active site models) and then
were fully optimized at the above mentioned level of theory.

The same bonding patterns were found within the different set of complexes and
only those with minor relative energy were taken into account for the analysis of the

binding energies and electronic structure.
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Interaction between active site models and DHSF as MBG

Interaction with [Zn(lmadz)s-OHzF* active site mode/

Final complexes of the water displacement reaction of DHSF with the active site models
are depicted in Figure I1l.4.b.4. Three different types of interaction were found. DHSF can
interact with the [Zn(Imdz); — OH,]** active site in a pseudo-bidentate way with a
distorted tetrahedral arrangement of ligands (1, Figure I1l.4.b.4), or forming a distorted
octahedral complex where the MBG interacts with the Zn?* in pseudo-tridentate way (2,
Figure 111.4.b.4), and, finally, in a monodentate way (3, Figure l1l.4.b.4). In Table l11.4.b.1 it
is shown the BE and the BFE of each complex calculated at the MO6L/ cc-pVDZ level.

Table Ill.4.b.1. Binding energies (BE) and Binding free energies (BFE) in kcal/ mol calculated at the
MO6L/ cc-pVDZ level of theory for complexes of DHSF with [Zn(Imdz); — OH,]*t and
[Zn(Imdz),R — OH,])** (R = —COH,, CO(CH3), and COOH)active site models. Calculated
binding free energies in solution (BFEs°!, PCM) at the same level of theory are also depicted.

[Zn(Imdz); — OH,**

Complex 1 2 3
BE 3520 2722 27.59
BFE 29.66  22.08 21.35
BFEsd 1124 11.05 1.70
[Zn(lde)ZCOHZ — 0H2]2+
Complex 4 5 6
BE 4248 3056  31.72
BFE 3705  27.74 2515
[Zn(Imdz),CO(CH3), — OH,]**
Complex 7 8 9
BE 3766 25.96 30.72
BFE 3272 20,61  24.23

[Zn(Imdz),COO0H — OH,]**
Complex 10 11 12

BE 36.05 3195 33.85
BFE 3056 2540 27.42
BFEs 1162 1566  6.64

Binding free energies of the complexes between DHSF and [Zn(Imdz); —
OH,]?* active site model are calculated to be almost twice of the BFE calculated for
dimethylsilanediol (DMSD) at the same level of theory. This theoretical evidence supports
the convenience of using silanediol-based peptidomimetics instead of alkylsilanediols in
order to assess the binding capability of this sort of species. Moreover, the strongest
interaction between DHSF and [Zn(Imdz); — OH,]** model is calculated to be the

corresponding to the pseudo-bidentate hinding.
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Interaction with[Zn(Imdz),R — OH,]** active site mode/

The same types of bonding pattern were found in this case as reported in Figure
l.4.b.4. In complex 10 the MBG is bonded to the active site in pseudo-bidentate way.
Complex 11 have a distorted octahedral arrangement of ligands, with the MBG linked to
the Zn2* via a pseudo-tridentate interaction. In complex 12 the MBG interacts in
monodentate way with the Zn2*.

[Zn(Imdz) -OH I

Figure II1.4.b.4. Equilibrium structures (bond lengths in A) of the product of the water displacement reaction for
DHSF
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As shown in Table Ill.4.b.1, both, BE and BFE calculated for the complexes of
DHSF and [Zn(Imdz),R — OH,]?*, diminishes on going from model (a) to model (c).
However, the use of acetic acid in the model to mimic the glutamic acid residue may bring
to a better description of the steric hindrance around the central Zn2*. In addition, BE and
BFE energy values calculated for complexes with [Zn(Imdz),COOH — OH,]** are
closer to that calculated for the [Zn(Imdz); — OH,]*>T complexes. As the
[Zn(Imdz); — OH,]?* active site model designed with three imidazole rings is thought
to be an acceptable simple model for this purpose, the similarity in the BE and BFE values
of [Zn(Imdz),COOH — OH,]?* complexes with those of [Zn(Imdz); — OH,]**
model may suggest a higher reliability of model (c), which will be the model used
hereafter.

The metal binding pattern which shows the strongest interaction with the
[Zn(Imdz),COOH — OH,]** active site is that corresponding to the pseudo-bidentate
quelation. This kind of interaction is over 35 kcal/mol in all cases. In fact, this theoretical
result reproduces the results of the structural analyses performed for the complex formed
between thermolysin and a silanediol-based peptidomimetic, which demonstrates that it
mimics the proposed transition state for peptide hydrolysis, with the zinc dication
interacting with both silicon hydroxyl groups [12]. Pseudo-tridentate and monodentate
interactions have similar values of BE and BFE, although is the monodentate interaction

that with the higher value of binding energies for this system.

Interaction between active site models and DHSP as MBG

Interaction with [Zn(Imdz); — OH,)** active site model

Final complexes of the water displacement reaction of DHSP with
[Zn(Imdz); — 0H,]** and [Zn(Imdz),COOH — OH,]*>* models are depicted in
Figure 111.4.0.5. Bonding pattern of the complexes of DHSP and the [Zn(Imdz); —
OH,]?* model are similar to that of the DHSF ligand.

Thus, DHSP interact with the [Zn(Imdz); — OH,]?* active site in a pseudo-
bidentate way (13, Figure l11.4.b.5).
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Figure IIl.4.b.5. Equilibrium structures (bond lengths in A) of the product of the water displacement reaction for
DHSP

In complex 14, the MBG-Zn?* interaction is also pseudo-bidentate but, in this
case, one hydroxyl group and one carbonyl group of the side chain are linked to the zinc
dication of the model system. This kind of bonding (denoted as hydroxy-carbonyl pseudo-
bidentate interaction hereafter) reproduces that found from the X-ray studies of N-
acetylhydroxylamine functionality (HAM) in interaction with deacetylases [198,200].

In complex 15, the interaction between the metal binding group and the active
site results in an octahedral arrangement of ligands, where the silanediol group is bound to
the Zn?* in pseudo-tridentate way.

Complex 16 has a distorted tetrahedral arrangement of ligands where the
interaction of the silanediol with the zinc dication is monodentate.

Binding energies and binding free energies for this set of complexes are
reported in Table I11.4.b.2.

In this case, the pseudo-bidentate interaction is also the strongest one, followed
by pseudo-tridentate and monodentate interactions.

For pseudo-hidentate and monodentate interactions the binding energies are ca.
4 kcallmol higher in energy than the corresponding calculated for DHSF. This difference is
even greater for the pseudo-tridentate interaction, whose binding energy is ca. 10 kcal/mol
higher than the corresponding for DHSF. Hydroxy-carbonyl pseudo-hidentate interaction is
calculated to be the weakest, although the difference in energy compared to monodentate

binding barely reach 1 kcal/mol.
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Table Ill.4.b.2. Binding energies (BE) and Binding free energies (BFE) in kcal/ mol calculated at the
MO6L/ cc-pVDZ level of theory for complexes of DHSP with [Zn(Imdz); — OH,]** and
[Zn(Imdz),COO0H — OH,]?* active site models. Calculated binding free energies in solution
(BFEs?, PCM) at the same level of theory are also depicted.

[Zn(Imdz); — OH,]**
Complex 13 14 15 16
BE 39.14 30.84 37.01 31.90
BFE 33.72 2682 30.16 2749
BFEsd 1173 1049 1144 6.58

[Zn(Imdz),COOH — OH,]**
Complex 17 18 19 20
BE 37.67 37.00 3758 31.29
BFE 3225 29.89 33.83 27.66
BFEs 913 1173 11.84 13.27

Interaction with [Zn(Imdz),COOH — OH,)** active site model

The geometries of the complexes formed by DHSP and [Zn(Imdz),COOH —
OH,]?* model are related to those found in [Zn(Imdz); — OH,]** model: pseudo-
bidentate (complex 17), hydroxy-carbonyl pseudo-bidentate (complex 18), pseudo-
tridentate (complex 19) and monodentate (complex 20). As reported in Table 111.4.b.2,
considering the BE and the BFE for each complex calculated at the MO6L/ cc-pVDZ level,
DHSP seems to be stronger MBG than DHSF, although the differences in the BE and BFE
are slight. Pseudo-bidentate quelation bring to the more stable complex also for the
[Zn(Imdz),COOH — OH,]** model, although the binding energies calculated for this
complex are about 1.5 kcal/mol lower than the corresponding values of the
[Zn(Imdz); — OH,]** model. Pseudo-bidentate interaction is only 1.62 kcal/mol
higher in energy for DHSP comparing with DHSF. For the remaining complexes the
differences in the binding energies between DHSF and DHSP are higher and similar to

that calculated for the complexes with the [Zn(Imdz); — OH,]** model.
Interaction between active site models and DHSDP as MBG
Interaction with [Zn(Imdz); — OH,)** active site mode/

Figure 111.4.b.6 shows the optimized structures of the final complexes of the
water displacement reaction of DHSDP with [Zn(Imdz); — O H,]*>* model.
The bonding patterns found in complexes of DHSDP and [Zn(Imdz)3 —

OH2]?* active site model are alike to those of DHSF and DHSP. As can be seen in
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Figures 1ll.4.b.4, ll.4.b.5 and 11.4.b.6 (complexes 1, 10, 13, 17, 21, 25) the difference
between the longest and the shortest Zn — O bond distance in the so-called pseudo-
bidentate complexes, diminish on going from DHSF to DHSDP (which shows an increase
in the bidentate character). Hydroxyl-carbonyl pseudo-bidentate interaction is also found
for this system (22, Figure 111.4.b.6). It is noteworthy that this type of interaction was not
found for DHSF. The reason could lie in the side chain of DHSF, whose shorter length
would hinder to a large degree the formation of stable cycles similar to that observed in
DHSP and DHSDP.
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Figure I11.4.b.6. Equilibrium structures (bond lengths in A) of the product of the water displacement reaction for
DHSDP.

Complex 23 has pseudo-octahedral arrangement of ligands similar to that found
for the above mentioned systems. Finally, monodentate bonding pattern occurs in complex
24,

Binding energies and binding free energies of the final complexes between
DHSDP and [Zn(Imdz); — OH,]** active site model are outlined in Table I11.4.5.3.

As shown in the table, both binding energies and binding free energies of the
complexes of DHSDP are higher (more than 15 kcal/ mol comparing the strongest
interaction in each case) than those calculated for DHSF and DHSP compounds. This may
suggest that DHSDP is a stronger MBG for these active site models than the smaller
silanediol-based inhibitors.

As was found for the above discussed systems, the strongest interaction is that
corresponding to the pseudo-bidentate bonding (complex 21). Similarly, monodentate
interaction is calculated to be the weakest one. The values of the binding energies

calculated for DHSDP are much higher than the calculated binding energies for the
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previously discussed ligands. Thus, binding energy in pseudo-bidentate complex (complex
21) is ca. 20 kcal/mol higher than in complexes 1 and 13. The same goes for monodentate
and pseudo-tridentate interactions, although in these cases the energy differences are not
so high. In general, DHSDP seems to be a stronger MBG for [Zn(Imdz); — OH,]**

model.

Table Ill.4.b.3. Binding energies (BE) and Binding free energies (BFE) in kcal/ mol calculated at the
MO6L/ cc-pVDZ level of theory for complexes of DHSDP with [Zn(Imdz); — OH,]?* and
[Zn(Imdz),COOH — OH,)*"active site models. Calculated binding free energies in solution
(BFES?, PCM) at the same level of theory are also depicted.

[Zn(Imdz); — OH,]**
Complex 21 22 23 24
BE 55.02  43.07 44.80 38.53
BFE 49.24 3776 38.50 34.38
BFEsd 13.60 1249 1533  7.03

[Zn(Imdz),COOH — OH,]**
Complex 25 26 27 28
BE 57.12  49.99 54.02 47.46
BFE 51.34 4330 4854 44.50
BFEsl 2441 2139 3282 1857

Interaction with [Zn(Imdz):COOH-OHzF* active site model

All the previously described bonding patterns were also found in this case. Thus,
DHSDP can interact with [Zn(Imdz),COOH — OH,]** model through pseudo-
bidentate bonding (complex 25), hydroxy-carbonyl pseudo-bidentate interaction (complex
26), pseudo-tridentate way (complex 27) and, also, with a monodentate interaction
(complex 28).

All the binding energies and binding free energies (reported in Table I1.4.b.3) for
this last MBG are also higher than the corresponding values of binding energy calculated
for the remaining silanediols in interaction with [Zn(Imdz),COOH — OH,]** model.
The strongest interaction is again estimated for pseudo-bidentate interaction, which is also
approximately 20 kcal/mol higher in energy than the corresponding interactions of DHSF
and DHSP ligands. BE in complex 27 (pseudo-tridentate interaction) is 10 kcal/mol higher
than in complex 23.

Water solution calculations (PCM model) were performed for the assessment of

the effect of the aqueous media in the calculated binding energies for the above discussed
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complexes. The calculation of the Gibbs free energies in solution was carried out
according to the methodology reported elsewhere [256].

In general, as shown in Tables Ill.4.b.1, 1l.4.b.2 and 1ll.4.b.3, the binding
energies considerably diminish (c.a. 20 kcal/mol on average) in water solution for the three
systems. Calculations in solution agree with the trend reported by the gas-phase
calculations regarding the binding ability of the three silanediols toward the Zn?* active
sitt models, which under the PCM model (water solution) follows the order
DHSDP>DHSP>DHSF.

In order to justify the differences in the binding energies among the complexes
with different binding pattern and among the complexes formed by the two active sites
models and the three silanediols, we performed a combined analysis of NBO charges,
NBO charge transfer orbital interaction energies (Eé?*) and AIM topological characteristics
(i.e. electron density, p(r), and Laplacian of electron density, V2p (), at the bond critical
points (BCP)) considering those complexes with the highest values of BE and BFE in gas
phase.

The atomic charge calculations can give a feature for the relocation of electron

density of the ligands when the MBG-Zn?2* complex is formed [119]. Moreover, the NBO

charge transfer orbital interaction energies estimated through the value of Eﬁ? are related
with the electron transfer (or electron delocalization) which occurs from the MBG to the
zinc dication, and, consequently, could be related with the strength of the interaction.

The Laplacian of the electron density delineates those regions where p(r) is
locally greater or less than its average value in the immediate vicinity of the BCP. In
regions where V2p(r) is negative, the electron density is locally greater than the value in
the immediate vicinity of the BCP and p(r) is said to be locally concentrated. In contrast,
for regions where V2p(r)) is positive, the electron density is locally less than the average
value in the immediate vicinity of the BCP and p(r) is said to be locally depleted or
expanded. Nevertheless, it does not necessarily be that either an overall accumulation or
a loss of electron density exits in the region of the BCP when the sign of V2p(r) is either
negative or positive. In fact, the electron density can have a small value but it can however

be locally concentrated. We can also found the reverse situation (e.g. near the nucleus, at

279



Seccion b. Interaccion de silanodioles peptidomiméticos con cationes Zn (1)

some points p(r) is very high but locally depleted). Furthermore, it should be realized that
the magnitude of V2p(r) determines how strong the effect of electron density
concentration or depletion is. [257] The magnitude of such effect can be directly related
with the strength of the interaction depending on the nature of the BCP considered (i.e.
shared interactions V2p(r) <0 and closed-shell interactions V2 p (r)>0).

Table 111.4.b.4 presents the NBO atomic charges, NBO charge transfer orbital
interaction energies (Eﬁf)*), and the topological characteristics (p(r) and VZp(r)
calculated at the MO6L/ cc-pVDZ level for complexes 1, 2, 10, 11, 13, 15, 17, 19, 21, 23,
25, 27. For this analysis only complexes where each ligand interacts with the zinc dication
in pseudo-bidentate and pseudo-tridentate way have been chosen, as this group of
complexes show (in general) the highest values of BE and BFE for each kind of ligand.
Concerning the atomic charges of the free ligands, both oxygen atoms of hydroxyl groups
in the three silanediols are negatively charged whereas the silicon atom is positively
charged. Moreover, the negative charge on the oxygen atom as well as the positive
charge on the silicon atom is increased on going from DHSF to DHSDP (-1.092, -1.092,
2.136 for DHSF; -1.103, -1.097, 2.151 for DHSP; -1.108, -1.098, 2.178 for DHSDP). This
fact may be related to the lifted balance of hyperconjugative interactions taking place in
the Si(OH), group as a consequence of the intramolecular hydrogen bonding in these
systems.

This liting of hyperconjugayive interactions are, indeed, more accused in
DHSDP. Accordingly, this could point out that the oxygen atoms in DHSDP hold a greater
amount of charge being the electronic transfer to the zinc dication greater in this system.

Upon coordination to Zn2*, the negative charge of the oxygen atoms is
increased and the positive charge of the silicon atom is also augmented. This suggests
that the Si — O bond have been polarized as a consequence of the Zn — O dative bond
formation.

In Table 111.4.b.4, the two types of complexes have been divided into four groups
depending on either, the type of bonding pattern and the active site model (i.e.
[Zn(Imdz); — OH,]?* or [Zn(Imdz),COOH — OH,]**).
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Table I1.4.b.4. Zn-O bond distances and NBO and AIM data calculated at the MO6L/ cc-pVDZ level
of theory for some of the complexes into study. Binding energies and binding free energies are also

reported.
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This strategy make possible to perform a comparative analysis between the
three different ligands considered. Thus, a value of Etfr) p(r) and V2p(r) is depicted
for each Zn — O interaction in each complex, along with the NBO charges of the Zn?2*,
silicon and oxygen atoms of the ligand. The values of Eﬁf) and V2p(r) are consistent
with the calculated interatomic distances for each complex. As shown in the Table 111.4.b.4,
in all cases the shortest Zn — O interatomic distance is related with a greater value of
both E). and V2p(r) (e.g. 2.038A, 67.6 kcal mol1/ 0.29316 a.u. versus 2.357A, 30.0
kcal molt/ 0.12796 a.u in complex 1, respectively) whereas for the longest Zn — O
interactions the magnitude of these parameters is lower. In general, the same goes for the
calculated NBO charges. Moreover, the calculated values for these parameters in all
Zn — 0 bonds increase on going from DHSF to DHSDP, which has the highest (3 E(f,))
and V2p(r) in the corresponding Zn — O bonds. This is also in accordance with the
observed NBO atomic charges in the complexes, and with the corresponding calculated
values for the free ligands.

The last three columns in Table 111.4.b.4 refer to the binding energies and binding free

energies calculated for each complex, and to the total NBO charge transfer orbital

interaction energy (3 E(f,)) calculated for them. This parameter provide an idea of the

electron transfer which occurs from the MBG to the zinc dication, and hence, could be
directly related with the calculated values of BE and BFE in each case. Those complexes
whose interaction with the active site model are stronger are calculated to have the
highest Y, Eﬁf) As expected, the mentioned parameter is much higher for those systems
where the interaction with the Zn2* is pseudo-tridentate, since in these complexes the
electronic transfer came from three oxygen atoms. In any case, the value of ) Eﬁf) is
correlated with the binding energies calculated for each type of complex. In fact, the higher
the value of ) Eg? the stronger the interaction with the active site is (in terms of the BE
and BFE) considering each group of interaction individually.

Finally, taking into account the four different groups of complexes independently, it can be
seen that the strongest interactions with the active site models are those in which DHSDP
is the MBG linked to the Zn?*, followed by DHSP and DHSF, and these values of binding

energies are associated with an increasing value of the NBO charges in the oxygen atoms
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of the ligand, a higher value of the Laplacian of the electron density at the corresponding

BCP and with a higher value of ), E(S?

464  CONCLUSIONS

Zn(1I) complexes {[Zn(Imdz); — L]** and [Zn(Imdz),R — L]**, where
L represents ligand which can be either a water molecule or the inhibitor model (silanediol-
based peptidomimetic), and R = formaldehyde, acetone or acetic acid} have been
optimized at the DFT level (MO6L/ cc-pVDZ). In the second case, the glutamate residue
being mimicked by a molecule of acetic acid seems to be a more reliable model than those
in which R is a formaldehyde or acetone molecule.
The calculation results gave a detailed representation of the zinc-ligand interaction and its
influence on the theoretical binding energies calculated for the considered MMPs

inhibitors. Our calculations render the following conclusions:

1. The three related silanediol-based peptidomimetics may coordinate with the zinc
dication in several fashions (monodentate, pseudo-bidentate and pseudo-
tridentate) which are reproducible in all of the systems studied.

2. The hinding ability of the silendiol-based peptiomimetics inhibitors (DHSF, DHSP
and DHSDP) was assessed by the calculation of the energies of the water
displacement reaction. Binding energies and hinding free energies calculated for
these three molecules are calculated to be more than double of that calculated
for dimethylsilanediol (DMSD) molecule at the same level of theory which,
indeed, supports the convenience of using these compounds instead of
alkylsilanediols to evaluate the binding ability of this sort of species.

3. Pseudo-bidentate interaction is calculated to be the strongest in terms of hinding
energy and binding free energy. This observation is in accordance with the
structural analysis of silanediol inhibitors in interaction with the active site of
thermolysin [12]. Moreover, binding energies and binding free energies
calculated for the considered ligands are calculated to be higher in the order
DHSDP>DHSP>DHSF. These results are reproduced by the calculations carried
out in water solution (PCM model) but the values of the binding free energies
calculated under this approximation are c.a. 20 kcal/mol lower than the

corresponding BFE calculated in gas phase.
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The combined NBO-AIM-binding energies analysis performed over the pseudo-
bidentate and pseudo-tridentate complexes allows us to justify the binding
energy values calculated for the considered ligands. In this sense, the greater
electron delocalization found in the Si(OH ), group for DHSDP could be related
with a more effective establishment of the dative bonding in this molecule and,
hence, with its stronger interaction (higher values of BE and BFE) with the metal

center.
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Blogue 4, seccidn c: Estudio tedrico de los madelos de interaccion y energias de enlace
de la funcionalidad Ge(OH), con modelos de sitios activos conteniendo cationes
Zn(II)

En esta seccion se recogen los resultados del estudio teérico de la funcionalidad
gem-germanodidlica como potencial grupo quelante de complejos conteniendo cationes
Zn (II) en entornos bioldgicos simplificados. Para este estudio se partio de los
resultados obtenidos previamente en el analisis de los modos de interaccion y energias
de enlace de compuestos conteniendo la funcionalidad Si(OH),, discutidos en las

secciones previas.

El poder quelante de compuestos basados en la funcionalidad gem-germanodiol
para complejos de zinc fue estudiado empleando dos modelos de sitio activo simplificados
basados en la primera esfera de coordinacion de la enzima convertidora de angiotensina-|
(ACE) y de la termolisina (TLN), Zn(Imdz); — OH,]** y Zn(Imdz),COOH —
OH,]?*, descritos en la seccidn anterior. Los germanodioles usados como grupos
quelantes de zinc se disefiaron de manera que reprodujesen la estructura quimica de los
silanodioles usados como inhibidores de las citadas proteasas, sustituyendo el atomo de
Si central por un atomo de Ge.

Del mismo modo, la energia de las correspondientes reacciones de
desplazamiento de agua [RsM — OH,]** + MBG — [R;M — MBG]** + H,0
por parte de los distintos ligandos, calculada a nivel MO6L/ cc-pVDZ, tanto en fase gas
como en disolucién acuosa, se usé para dar una medida del poder quelante de la
funcionalidad gem-germanodiol por los complejos de zinc.

Aunque, como se ha mencionado, el funcional desarrollado por Truhlar y
colaboradores MO6L, ofrece los mejores resultados para el estudio de las geometrias y la
termoquimica de compuestos donde tienen lugar interacciones de tipo no covalente, se
sabe que los funcionales locales no describen totalmente el comportamiento asintético
1/R® de las interacciones de van der Waals. Por este motivo, se empled el programa
desarrollado por Grimme et al., DFT-D3 [158], para corregir las energias calculadas a este
nivel, tanto en fase gas como en disolucion acuosa. El valor de las correcciones obtenidas
(la inclusion de la dispersion en las energias calculadas produce un aumento sistematico

de 3 kcal/mol en promedio) fue, en cualquier caso, sustancialmente menor que el que se
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obtuvo cuando se estudiaban sistemas similares con el funcional B3LYP (bloque 4,
seccion a), lo que, de hecho, pone de manifiesto el mejor comportamiento del funcional
MO6L para el estudio de sistemas donde ocurren este tipo de interacciones.

Al igual que la funcionalidad silanodiélica, el grupo - Ge(OH ), interacciona con
los cationes de Zn?* de forma pseudo-bidentada. Las geometrias y las energias de
enlace de los complejos formados por los gem-germanodioles fueron comparadas con la
de los sistemas silanodiclicos, encontrandose que las distancias de enlace O ... Zn%*
calculadas para los complejos con gem-germanodioles eran ligeramente mas cortas que
las de los gem-silanodioles. Ademas, el caracter bidentado del enlace era mas acusado
en los complejos con los derivados de germanio (la diferencia entre las dos distancias
0 ...Zn** de los complejos con los derivados de germanio era mas pequefia).

Las energias de enlace estimadas para los germanodioles eran similares (o
incluso superiores) a las calculadas para sus analogos de silicio al mismo nivel de teoria.
Los calculos realizados en disolucién acuosa (con el modelo PCM) rindieron valores de
energia de enlace aproximadamente 30 kcal/ mol inferiores a los obtenidos en fase gas.

La naturaleza de la interaccion con los cationes metalicos se estudio desde el
punto de vista de la distribucion electronica de los sistemas, usando la metodologia NBO.
Estos resultados fueron comparados con los obtenidos para sus anélogos de silicio, de
donde se dedujo que el mayor poder quelante teérico de la funcionalidad germanodiélica

podria estar relacionado con la mayor capacidad del grupo Ge(OH), de transferencia de

carga, segun los valores de ) AE(S?* obtenidos en el analisis NBO.

La metodologia empleada para este estudio y los resultados que han sido
expuestos someramente en este resumen, quedan detallados en el articulo cientifico “The
Ge(0OH), functionality as metal binding group for Zn?* in simple biological
environments” que se encuentra bajo revision en Chemical Physics Letters, cuya version
previa a la impresion y ligeramente modificada, para dar cabida a informacion adicional,

queda recogida en las siguientes paginas.
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The Ge(OH),, functionality as metal binding group for Zn>* in simple biological
environments

Maria Pilar Gema Rodriguez Ortega, Manuel Montejo Gamez, Juan Jesus Lopez
Gonzélez
Chemical Physics Letters

ABSTRACT

We evaluated theoretically the binding ability of the gem-germanediol
functionality, Ge(0OH),, towards Zn2* in environments resembling a simplified first
coordination sphere of metalloproteases, both in isolated phase and water solution. For
this task, we calculated (MO6L/cc-pVDZ) the energy of the water displacement reaction:
[ZnR; — OH,]** + L—[ZnR; — L]** + H,0, where R is either an imidazole ring
or an acetic acid molecule and L is the ligand used as metal binding group.

Noteworthy, the Ge(OH), — Zn?* interactions energies are higher than those
obtained, following the same methodology, for the gem-silanediol group, used as metal
chelating group in recently developed protease’s inhibitors.

Keywords: Gem-germanediol, zinc binding group (ZBG), active site model, binding energy,
DFT.
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4.1  INTRODUCTION

Germanium is a metalloid belonging to the carbon group chemically similar to its
group neighbor silicon. As have been reported [258,30], a wide range of
organogermanium compounds exhibit biological activity of different nature. Its properties,
which are similar but not identical to silica properties, have appealed the attention of
researchers and, hence, numerous drugs containing germanium have been developed in
the last decades [30]. The spectrum of biological activity of Ge have turned out to be
extremely expansive and, besides its well-known antitumor effect [31], it has shown also
analgesic, anti-inflamatory, antioxidant, antiviral action, and hypotensive properties. [32]
Additionally, organogermanium compounds exhibit low toxicity that is, generally, lower
than its silicon analogues. [33]

Noticeably, during the past years, a number of silicon based peptidomimetics
were synthesized and proved their efficiency as inhibitors of proteases such as
angiontensin converting enzyme (ACE), thermalysin or the HIV protease [8,9]. In this kind
of proteases, the inhibition process seems to occur via the chelation of the metallic center
or the establishment of hydrogen bonds with the aspartic residues in the active center of
the enzyme (in the case of HIV protease). In both cases, the suitability of silanediol based
inhibitors is endorsed by the higher stability of the Si(OH), group in contrast with
carbondiols, among other characteristics (e.g. longer Si — C and Si — O bond lengths,
better properties as hydrogen donor and acceptor). [4,5]

Despite the mentioned similarity between silicon and germanium and the fact
that silicon-based peptidomimetic protease’s inhibitors have been developed yielding
positive results, to the best of our knowledge protease’s inhibitor based on the Ge(OH),
functionality have never been reported before.

In this work, we make a theoretical attempt to estimate its potential utility as zinc binding
group (ZBG) evaluating the strength of the interaction of some relatively simple models of
gem-germanediols, i.e., N-{[dihydroxy (methyl) germyllmethyl}formamide (HDGF), 3-
[dihydroxy (methyl) germyl]propanamide (HDGP), 3-[(2-carbamoylethyl) dihydroxygermyl]
propanamide (HDGDP) (analogues to previously studied models of real gem-silanediol
inhibitors [259]), and the Zn2* cation in simplified biological environments, resembling the
first coordination sphere of the above mentioned metalloproteases. [198,200,220,228,253]

For comparative purposes, the calculated binding energy values have been reported
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jointly to those obtained following the same strategy for gem-silanediols compounds as
reported elsewhere. [259]

Evidently, the adequacy of a given functional group or chemical compound to be
used as a drug depends on a number of factors that are not object of study in the present
work. Nevertheless, and since the direct experimental determination of structural and
thermodynamic parameters of substrate-metal interactions is not straightforward, in our
opinion, the study of the hinding affinity of certain metal binding groups (MBGs) for metallic
centers using the methods of computational chemistry may help to a better understanding
of the nature of the interaction between the potential ligand and the metal present in the
active site of the enzyme, and, hence, may result a necessary first step in the design of
new protease inhibitors.

Thus, the results reported in this work, concerning the theoretical evaluation of
the binding ability of gem-germanediols compounds towards Zn?*, may encourage the
preparation, isolation and purification of this kind of species and the subsequent

experimental assessment of their potential biological role.

4.2  THEORY
NM4.c.21. Computational Details

All molecular structures were fully optimized and characterized as real minima
by harmonic vibrational frequency calculations using the DFT/ MO6L local pure density
functional [68], in conjunction with the cc-pVDZ Dunning correlation-consistent basis set.
[113] This functional has been reported to have the best overall performance for
thermochemistry and non-covalent interactions. [156,157,234-236] All DFT calculations
were performed using the Gaussian 09 [155] suite of programs. Geometry optimization
criteria used were those corresponding to the Gaussian09 opt=tight option. Natural Bond
Orbital (NBO) [119] calculations were accomplished using the program NBO v3.1 [237] as
implemented in Gaussian09.

Solvent calculations (in water solution) were carried out according to the
polarizable continuum model (PCM) [116], as implemented in Gaussian 09.

Moreover, it is well-known that semilocal and local functionals cannot hope to

capture the asymptotic 1/R® behaviour needed to give an accurate picture of the long
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range dispersion forces. [260] Thus, in order to account for this effect, DFT-D3 program

[158] has been used to correct the calculated energies of the systems studied.

HM4.c3  RESULTS AND DISCUSSION
M4.c.3.1 Theoretical structure of the Zr#* complexes

Typically, the first coordination sphere of metalloproteases is constituted by a
metal center (commonly a Zn?*), three amino acidic residues (histidine, glutamate and
cysteine, most frequently) and an exchangeable water molecule. [198,200,254] The Zn2*
complexes designed allowed an acceptable reproduction of steric hindrance and electronic
effects around the metal center at reasonable computational cost. We have used two
models consisting of a Zn?* cation surrounded by four molecular units: (i)
[Zn(Imdz); — OH,]** (where Imdz stands for imidazole rings) and (ii)
[Zn(Imdz),COOH — OH,]** (where the carboxylic residue is mimicked by an acetic
acid molecule). The latter was obtained after fully optimization (M06L/cc-pVDZ) of the
crystal structure of native thermolysin (PDB ID: 2TLI; resolution of 1.95A). Equilibrium
optimized structures and the main geometrical parameters (MO6L/ cc-pVDZ) of the two
complexes are displayed in Figure lll.4.c.1. As shown, both have a distorted tetrahedral
arrangement of ligands. Zn — O H,, bond distance and Zn — N (Imdz) bond lengths are
is longer in the [Zn(Imdz); — OH,]** model than in [Zn(Imdz),CO0H — 0H,]?*,

whereas the Zn — OH, bond length is shorter for the latter.

[Zn(Imdz),-OH,J" [Zn(Imdz),COOH-OH,J*

2_T031l
1
& 2 :
7 . 2.010 2.002 2
]’ f;% ?

Figure IIl.4.c.1. Equilibrium structure (bond length in A) of [Zn(Imdz); — OH,]** and [Zn(Imdz),COOH —
OH,]** active site models.
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M4.c.32. Interaction of the [Zn(Imdz),R— OH,]** (R = Imdz, COOH)
complexes with the gem-germanediol functionalily.

The Ge(0OH), — Zn?* interaction have been assessed using three different
gem-germanediol compounds. As shown in Figure lll.4.c.2, these MBGs have been
designed resembling previously studied silanediol compounds [259], which were also a
partial reproduction of the structure of the already known silanediols tested as protease’s
inhibitors [7,27-29].

HDSF HDSP HDSDP  H,N

Si NH X0 ~
Ho~ HO” \ ) R

HG OH

HDGF HDGP HDGDP

oH OH

& HO &/H\ A

"\
Ge NH,
OH NH—\\ o
o OH HoN \\o 7

Figure I1.4.c.2. Structure of the gem-germanediols and gem-silanediols used as MBGs for Zn?*.

The main geometrical parameters in the molecular structures of the gem-
germanediols studied, namely (N-{[dihydroxy (methyl) germyllmethyl}formamide (HDGF),
3-[dihydroxy ~ (methyl)  germyl]propanamide  (HDGP), 3-[(2-carbamoylethyl)
dihydroxygermylpropanamide (HDGDP)), at the MO6L/cc-pVDZ level of theory are
reported in Table Ill.4.c.1 and compared with the values obtained for the corresponding
gem-silanediol analogues [9]. As shown, both X — O and X — C bond distances (where
X stands for both Si and Ge) are longer in the Ge derivatives.

As concerns the geometry of the interaction between the metallic center and the
MBGs, and as previously reported for the gem-silanediols [259], the Ge(OH), group is
interacting in pseudo-bidentate way with the zinc dication, i.e., one of the Zn — 0
distances is slightly shorter than the other (Figure 111.4.c.3).

Remarkably, as also shown in Table Ill.4.c.1, the Zn — O distances are
generally shorter in the case of the germanium compounds, which may suggest that the
interaction of the germanediol with the metal center is stronger than the interaction with
the Si(OH), functionality. Moreover, and as was also reported for the mentioned

silanediols [259], the difference between the values of the two Zn — O bond distances
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within a given complex get smaller in the order HDXF, HDXP and HDXDP (with X=S(Si),
G(Ge)). In other words, the bidentate character is more noticeable for the ligands with
longer alky! side chains.

Table lll.4.c.1. Main geometrical parameters calculated at the MO6L/ cc-pVDZ level of theory for the
free ligands and the complexes [Zn(Imdz),R — L]** (R = Imdz, COOH and L = OH,,
HDXF, HDXP, HDXDP with X = S(Si), G(Ge)). Bond distances in A.

Bond length (A) Free ligands
Gemsilanediols?
HDSF HDSP HDSDP

Si-0(2) 1.684 1.703 1.708
Si-0(3) 1.694 1.685 1.680
Si-CHe- 1.882 1.872 1.888
Si-CHs 1.856 1.859 1.864
Gem<{germanediols
HDGF HDGP HDGDP
Ge-0(2) 1.809 1.828 1.834
Ge-0(3) 1.814 1.804 1.800
Ge-CHe- 1971 1.957 1.963
Ge-CH; 1.930 1.933 1.941
Complex® [Zn(Imdz); — OH,**

Gem-silanediols?
HDSF HDSP HDSDP

Zn-01 2.038 2.091 2.085
Zn-0 2.357 2.207 2.193
Gem<{germanediols
HDGF HDGP HDGDP
Zn-01 2.035 2.073 2.112
Zn-02 2.304 2.189 2.126

Complex [Zn(Imdz),COOH — OH,]**
Gemsilanediols?
HDSF HDSP HDSDP

Zn-0y 2.088 2.073 2.074
Zn-0; 2.123 2.114 2.106
Gem<{germanediols
HDGF HDGP HDGDP
Zn-01 2.038 2.056 2.063
Zn-0 2.122 2.108 2.088
aResults taken from ref. [259] ® Subscripts 1 and 2 stand for the shortest and the longest Zn-O bond distances
respectively.

ll.4..3.3. Evaluation of the binding ability of the ligands into study towards Zn**

Binding energies from the water displacement reaction in gas phase and in water solution.
Formation of the complexes between the active sites models and the ligands
used as MBGs can be described by the water displacement reaction:
[Zn(Imdz),R — O0H,)?*(g) + L(g) - [Zn(Imdz),R — L1**(g) + H,0(g)
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[Zn(Imdz),R — 0H,1** (aq) + L(aq) — [Zn(Imdz),R — L]** (aq) + H,0(aq)
where, as above stated, [Zn(Imdz),R — OH,]** is the complex modeled to mimic the
first coordination sphere of common metalloproteases. Here, R can be another imidazole
ring or an acetic acid molecule, L represents the ligand used as metal binding group for
the active site model and [Zn(Imdz),R — L]** represent the reaction product, i.e. the
final complex.

To evaluate the binding ability of the group of ligands, the value of their
respective binding energies (BE) and binding free energies (BFE) were calculated by

means of the equations:
. _ 298 298 298 298
BE: AE?%® = (E[Zn(Imdz)zR—L]2+ + EHZO) - (E[Zn(lmdz)zR—0H2]2+ +E)

. _ (298 298 298 298
BFE: AG?® = (G[Zn(lmalz)zR—L]2+ + GHZO) - (G[Zn(lmdz)zR—OHz]” +Gi™)

[Zn(Imdz),-OH,

)
Figure IIl.4.c.3. Equilibrium structures (bond lengths in A) of the product of the water displacement reaction for
HDGF, HDGP and HDGDP.

Table lll.4.c.2 summarizes the binding energies and binding free energies
calculated at the MO6L/ cc-pVDZ level.

The effect on the binding energies of the solvent (aqueous media) has also been
considered under the PCM model. It is worth to mention that the values (both in gas-phase

and in water solution) have been corrected in order to take into account long range
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dispersion effect by the implementation of the DFT-D3 software by Grimme et al. [158]
This correction produce an increase in the calculated energies of approximately 12.5 kJ/
mol in all cases. All the binding energy values (corrected and non-corrected) are shown in
Table lll.4.c.2.

Table lll.4.c.2. Binding energies (BE) and hinding free energies (BFE) in kJ/mol calculated at the
MO6L/ cc-pVDZ level of theory for the complexes [Zn(Imdz),R — L]** (R = Imdz, COOH
and L = HDXF, HDXP, HDXDP with X = S(Si), G(Ge)).
[Zn(Imdz)s-OHzP* [2n(Imdz)>COOH-OHzF*
Gemvsilanediolsa?

HDSF HDSP HDSDP HDSF HDSP HDSDP

BE 14714 163.61 229.98 150.69 157.46 238.76

BFE 12398 14095 205.82 127.74 134.81 214.60

Gasphase ~peoclog 4y 17577 24504 16147 16896 253.64
BFEPC 13522 15311 22108 13857 14630 229.48

oy BFE 4698 4903 5685 4857 386 10203
BFEPC 5830 6132 7904 5957 5141  117.08

Gemgermanediols?

HDGF HDGP HDGDP HDGF HDGP _HDGDP

BE 16599 18501 24946 17744 18354 259.75
Gasphase BFE 14078 16975 22330 15499 16360 23349
BEX 17727 19713 26459 18810 19504 27442

BFEPC 15157 18137 23843 16565 17518 24812

BE 6642 0642 9213 7955 6918 11838

poy _BFE_ 3850 5137 6642 4728 4519 8349

BEPC 7787 79.00 107.30 9050 8097 133.17

BFEPC 4995 6395 8155 5827 5693 103.29
aResults partially published in ref. [259]. ®Superscript DC denote that the value have been corrected
considering long-range dispersion effects using DFT-D3 program [158]

Binding energies and binding free energies calculated for the gem-germanediols
set of compounds are on average 23 kJ/ mol higher than the corresponding values for the
silanediols compounds. Calculations in water solutions yield, as expected, lower binding
energies (about 125 kJ/ mol lower on average), but the difference between the calculated
values for the gem-silanediols and the gem-germanediols, and the trend observed within a
given set of compounds (i.e. higher binding abilities are calculated as the size of the
system increase), remain almost unaffected by the solvation model.

It has been shown that ligand-metal ion interaction in the active site can
significantly influence overall binding affinity of an inhibitor in metal ion-containing active
sites of enzymes. [228,208,251,252] In our case, we found that the interaction of the Zn?*
with the Ge(OH ), group is stronger than with the Si(OH),, group, in terms of the binding

energies calculated for both in different environments.
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M4.c.34 NBO population analyses

NBO population analyses were performed in order to take into account the value
of NBO charge transfer orbital interaction energies (Eiil) involving the Zn — O bonds in
each complex as a measure of the strength of this interaction. Higher values for the

summation of all the EX2 values are supposed to be correlated with higher hinding

oo
energy values.

Table 1ll.4.c.3. NBO data calculated at the MO6L/ cc.pVDZ level for the free gem-diols and the

complexes complexes [Zn(Imdz)2R-L]>* (R = Imdz, COOH and L = HDXF, HDXP, HDXDP with X =
S(Si), G(Ge)).

Free Ligands
Gemsilanediols?
HDSF free  HDSP free  HDSDP free

Q0 -1.092 -1.103 -1.108
Q0 -1.092 -1.097 -1.098
QSi 2.136 2.151 2.178
Gemgermanediols
HDGF free HDGPfree HDGDP free
QO -1.056 -1.074 -1.055
Q0 -1.061 -1.050 -1.078
QGe 2.032 2.045 2.060
Complex [Zn(Imdz); — OH,**
Gemsilanediols?
HDSF HDSP HDSDP
QZn 1.231 1.223 1.228
QO -1.098 -1.089 -1.139
Q0 -1.091 -1.097 -1.085
QSi 2.142 2.166 2.188
2E® kJ/mol 407.97 442.70 506.78
Gemgermanediols
HDGF HDGP HDGDP
QZn 1.222 1.213 1.215
Q0 -1.083 -1.075 -1.069
Q0 -1.072 -1.077 -1.108
QGe 2.057 2.078 2.092
ZE@ kJ/mol 469.83 508.20 509.54
Complex [Zn(Imdz),CO0H — OH,]**
Gemsilanediols?
HDSF HDSP HDSDP
QzZn 1.229 1.229 1.228
Q0 -1.087 -1.089 -1.147
QO -1.106 -1.113 -1.088
Qsi 2.147 2177 2.192
2E® kJ/mol 666.92 676.74 692.12
Gemgermanediols
HDGF HDGP HDGDP
QZn 1221 1.222 1.220
QO -1.080 -1.076 -1.074
Q0 -1.095 -1.101 -1.117
QGe 2.065 2.091 2.095
2E® kJ/mol 704.37 692.67 723.35

aResults taken from ref. [259].
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Regarding the free ligands, the NBO charges on both oxygen atoms are higher
for the silanediols compounds and the positive charge on silicon are higher than the
calculated on germanium in the gem-germanediols. The negative charges on the oxygen
atoms of both gem-diols are higher for the systems with longer side chains (i.e. the
negative charge on the oxygen atoms increase in the order HDXF, HDXP and HDXDP
with X = S(Si), G(Ge)). The same goes to the positive charge on the silicon and
germanium atoms, respectively.

Upon coordination, the negative charge on the oxygen atoms and the positive
charge on Si and Ge increase; this indicates that the corresponding Si — O and Ge — O
bonds are polarized as a consequence of the Zn — O dative bonds formation. As
mentioned above, in the NBO scheme, the value of }; Eé? is associated with the charge
transfer (or electron delocalization), which occurs from the MBG to the Zn2* and, hence,
can be directly related with the strength of the Zn2*-MBG interaction. This parameter is
much higher for those systems where the Zn2*-MBG interaction is stronger. As shown in
Table 111.4.C.3, on average, the Eéj) values for the gem-germanediols compounds are
33 kJ/ mol higher than those calculated for the corresponding silicon derivatives. This is in
accordance with their respective theoretical binding and binding free energies and with the

Zn — 0 bond lengths calculated.

/4.c4. CONCLUSIONS

The utility as zinc binding group (ZBG) of the Ge(OH), functionality has been
evaluated through the calculation of the strength of the Ge(OH)2 — Zn?* interaction.
For this purpose Zn (I1I) complexes {[Zn(Imdz); — L]** and [Zn(Imdz),COOH —
L]**, where L represents ligand which can be either a water molecule or the ZBG} have
been optimized at the DFT/ MO6L/ cc-pVDZ level. Their binding abilities (BE and BFE)
have been calculated theoretically by means of the energy of the water displacement
reaction [Zn(Imdz),R — OH,)** + L - [Zn(Imdz),R — L]1** + H,0 for the
mentioned systems.

The hinding ability of gem-germanediol compounds has been compared with the
results previously obtained for gem-silanediols compounds. Gem-germanediols
compounds yield higher binding energies. Their better performance as ZBG could be

related with the higher electron delocalization (or charge transfer) taking place in the

298



Capitulo IlI: 4. Interaccion y energias de enlace de gem-dioles con modelos de sitios activos

germanediols complexes, as shown by the values of the charge transfer orbital interaction
energies reported by NBO analyses.

It must be pointed out that in addition to a strong Zn?*-MBG interaction, a well-
balanced profile of other physicochemical properties (e.g. structural parameters of the
inhibitor, steric effects, lipophilicity, toxicity etc.) will largely influence the drug’s
pharmacokinetics and, hence, are required for achieving inhibition successfully. The study
of these other factors is out of the target of this piece of work but, in our opinion, these
preliminary results may encourage the preparation and experimental checking of the
properties as metal binder of the Ge(OH),, functionality in biological environments, which

may open new possibilities for the development of metalloprotease’s inhibitors.
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V. CONCLUSIONES GENERALES

V.1 Estructura molecular y espectro vibracional de alquilsianodioles sencillos
RR'Si(OH), (R,R’ = CH;, CH,CH;)

1. Se ha realizado un analisis conformacional para tres alquilsilanodioles
sencillos (a saber, dimetilsilanodiol (DMSD), etilmetilsilanodiol (EMSD) vy dietilsilanodiol
(DESD) haciendo uso de métodos ab initio y DFT. Para las tres moléculas estudiadas, se
encontrd que la conformacién gauche-trans de los grupos hidroxilo (que difiere de la
orientacion gauche-gauche clasicamente asumida como la Unica posible en la
funcionalidad Si(OH),) era minimo local en las correspondientes superficies de energia
potencial de las tres moléculas estudiadas. Otras conformaciones moleculares se derivan
de las posiciones adoptadas por las cadenas alquilicas en estos sistemas (anti, 180°,
gauche+, 60° y gauche-, -60°). Asi, se aislaron dos, cinco y diez conformaciones
moleculares distintas de las correspondientes PES de DMSD, EMSD y DESD,
respectivamente.

2. Los 6rdenes de estabilidad obtenidos teniendo en cuenta los valores de las
energias relativas calculadas en fase gas, fueron explicados teniendo en cuenta la
estabilizacion derivada del efecto anomérico (o hiperconjugativo) en estos sistemas

haciendo uso del anélisis de poblaciones NBO. Considerando los valores de la energia de
transferencia de carga NBO (Ef,?*), aquellos sistemas cuyos hidroxilo estan orientados

en conformacién gauche-gauche son mas estables, puesto que los efectos
hiperconjugativos estan favorecidos en esta geometria. Asi, el orden de estabilidad
obtenido considerando los valores de ZE(E? coincide con aquel considerando los
valores de energia relativa (E,) calculados en fase gas.

3. Las especies fueron sintetizadas y sus espectros IR y Raman fueron
registrados y completamente asignados con la ayuda de los espectros vibracionales
calculados teéricamente, proporcionando evidencia experimental (principalmente en la
region de bajos nimeros de onda) de la mezcla conformacional en las muestras de las
citadas especies.

4, De la comparacion de los perfiles IR experimentales registrados para los tres
alquilsilanodioles, se deduce que los nimeros de onda correspondientes a la tensién

Si — 0 se ven afectados por la sustitucion alquilica en el atomo de silicio central. Este
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modo normal de vibracion se desplaza hacia menores valores de nimero de onda
conforme aumenta el tamafio de la cadena alquilica.

5. El espectro IR de los tres alquilsilanodioles estudiados en la region
comprendida entre 1200 y 800 cm?, se caracteriza por la presencia de bandas
vibracionales que sélo pueden ser atribuidas a la presencia de oligdmeros de moderado
tamafio enlazados por enlace hidrogeno. Esto se puso de manifiesto mediante la
reproduccion del perfil IR registrado de DMSD en disolucién de DMSO por los espectros

IR tedricos calculados (modelo PCM, disolvente DMSO) por dimeros de la especie.

v Estudio tedrico de la estructura molecular y electrnica de compuestos
modelo de gem-silanodioles peptidomimeéticos de moderado tamafio

1. La superficie de energia potencial de tres compuestos modelo de gem-
silanodioles peptidomiméticos ha sido estudiada a nivel B3LYP/ 6-31+G*, revelando la
existencia de varias conformaciones posibles para los sistemas (seis para DHSF, siete
para DHSP y catorce para DHSDP). La mayoria de las estructuras aisladas de las
correspondientes PES presentan enlaces de hidrogeno intramoleculares entre los grupos
hidroxilo de la funcionalidad Si(OH), Yy el grupo aminocarbonil presente en las cadenas
laterales, resultando en estructuras quasi-ciclicas. En algunos casos, mas de un enlace
de hidrogeno intramolecular es posible. En este hecho puede radicar la mayor estabilidad
de este tipo de compuestos en comparacion con alquilsilanodioles, que condensan
facilmente, perdiendo moléculas de agua, para originar siloxanos.

2. Se han empleado las teorias AIM y NBO, y la ecuacion empirica de
Rozenberg para caracterizar y evaluar la fortaleza de los enlaces de hidrégeno
itramoleculares inviduales en los citados sistemas. Existe un alto grado de correlacion
entre los valores calculados de la Laplaciana, V2p(r), en cada punto critico de enlace, la
energia de transferencia de carga NBO (Eé?*) y la entalpia calculada mediante la
ecuacion de Rozenberg para 23 de los conférmeros de los tres sistemas estudiados que
presentan enlace de hidrégeno intramolecular.

3. Con el fin de justificar el orden de estabilidad en el conjunto de conférmeros
de los tres sistemas, se han analizado conjuntamente la fortaleza de los enlaces de
hidrogeno y la estabilizacién derivada de efectos hiperconjugativos (efecto anomérico de
anillo y generalizado). Para DHSF, las conformaciones mas estables son aquellas cuyos

enlaces de hidrégeno intramoleculares son mas fuertes y para las cuales los valores de

304



Capitulo IV. Conclusiones

Y. RAE y Y, GAE son mayores. Por el contrario, para los sistemas con cadenas alquilicas
méas largas (DHSP y DHSDP) este paralelismo no se observa debido, en parte, a la
aparicion de otras interacciones desestabilizantes (como efectos estereoelectronicos)
conforme las cadenas laterales se pliegan para establecer los enlaces de hidrégeno.

4, Se han llevado a cabo célculos en disolucion acuosa bajo la aproximacion
PCM, para evaluar el efecto del medio en la estructura y estabilidad de los sistemas
estudiados. Para DHSF, el orden de estabilidad en disolucion acuosa es totalmente
opuesto al obtenido en fase gas al mismo nivel de teoria. Aquellas conformaciones
moleculares que presentan el sustituyente anomérico en posicion ecuatorial con respecto
al pseudo-ciclo formado por enlace de hidrogeno intramolecular, son mas estables en
disolucion acuosa. Esta observacion esta de acuerdo con la explicacion electrostatica del
efecto anomérico de anillo. Para DHSP y DHSDP la inversion en el orden de estabilidad
no es tan simétrica como para DHSF, pero aquellas estructuras moleculares con mayor

nimero de sustituyentes ecuatoriales con respecto al plano del anillo son mas

sol

estabilizadas, segun los valores de energia de solvatacion AE,°°" calculados, que las

estructuras con dichos sustituyentes en posicion axial.

V.3 Sintesis y caracterizacion experimental de derivados difenilicos precursores
de metilsilanodioles sencillos

1. Se ha disefiado una nueva ruta sintética encaminada a la obtencion de
derivados de metilsilanodiol con un grupo aminocarbonil en posicién 8 y y respecto al
atomo de silicio. Cinco intermedios difenilicos, a saber, clorometil (metil) difenilsilano, 2-
{[metil (difenil) silil] metil}-1H-isoindol-1,3(2H)-diona, N-[(metil (difenil) silanil)-metil]-
benzamida, N-[(metil (difenil) silil)-metilj-acetamida y N-[(metil (difenil) silil)-metil]-
formamida, han sido sintetizados, aislados y purificados, lo que ha permitido llevar a cabo,
por primera vez, su caracterizacion estructural.

2. Se ha llevado a cabo un andlisis conformacional a nivel B3LYP/6-311++G**
para los cinco sistemas estudiados, encontrandose hasta tres conformaciones
moleculares distintas para cada sistema que difieren en la orientacion de la cadena
alquilica, que puede adoptar conformacion gauche (g+ y g-) 0 anti con respecto del enlace
Si — CH; en el caso de los compuestos clorometil (metil) difenilsilano, N-[(metil (difenil)
silanil)-metil]-benzamida, N-[(metil (difenil) silil)-metil]-acetamida y N-[(metil (difenil) silil)-

metil]-formamida.
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3. Para el compuesto 2-{[metil (difenil) silil] metil}-1H-isoindol-1,3(2H)-diona
(sdlido) se llevo a cabo el estudio experimental de su estructura molecular mediante
difraccién de rayos X de monocristal. Ambos conférmeros, gauche+ y gauche-, estaban
presentes en la estructura cristalina de la muestra, cuyo empaguetamiento cristalino esta
dominado por interacciones de tipo m —m stacking (edge-to-face y offset). La
conformacién eclipsada (minimo global para los calculos en fase gas) no se detect6 en el
cristal.

4. Se han registrado los espectros IR y Raman de los cinco intermedios
estudiados, los cuales han sido completamente asignados con el soporte teérico de los
célculos realizados a nivel DFT. Algunas de las bandas experimentales en los espectros
vibracionales de las especies estudiadas s6lo pudieron ser asignadas teniendo en cuenta

la presencia de varios conformeros en las muestras.

V4. Estudio tedrico de los modelos de interaccion y energias de enlace de la
funcionalidad X (OH), (donde X es Si y Ge) con modelos de sitio activo
conteniendo cationes metalicos Fe(II), Ni (II) yZn (II)

1. Se ha estudiado el poder quelante del grupo X(OH), (X = Si, Ge) por
distintos cationes metélicos (Fe(II), Ni(II), Zn(II)) en entornos que reproducen
simplificadamente la primera esfera de coordinacién de estos cationes en metalo-
proteasas. Para este fin se analizé el valor de la energia puesta en juego en la reaccién
de sustitucion de la molécula de agua por el ligando (MBG) que tiene lugar durante la
protedlisis, tanto en fase gas como en disolucion acuosa.

2. Se concluye que un método adecuado para el estudio de estos sistemas es el
que involucra al funcional MO6L y la base cc-pVDZ, con un balance adecuado entre el
coste computacional y la calidad de los resultados (si se emplea como referencia el
método ab initic MP2). La inclusion de los efectos de dispersion mediante la metodologia
de Grimme et al. produce un ligero incremento en los valores de BE y BFE, en cualquier
caso menor, que el que provoca dicha correccidn sobre los resultados obtenidos con el
funcional B3LYP.

3. Los modelos de sito activo disefiados usando anillos de imidazol suponen una
mejor aproximacion a la primera esfera de coordinacion de metaloproteasas tipo ACE que
los modelos disefiados con moléculas de amoniaco, puesto que reproducen en mayor

extension los impedimentos estéricos asi como los efectos electronicos en el sitio activo
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de las citadas proteasas. De hecho, las energias (AH,) corregidas en el punto cero de los
modelos conteniendo anillos de imidazol son méas bajas que los modelos construidos con
moléculas de amoniaco. Para emular el residuo de glutamico presente en
metaloproteasas tipo TLN, es mas adecuado el empleo de moléculas de acido acético en
lugar de formaldehido o acetona. Los modelos conteniendo moléculas de &cido acético
describen mejor los efectos estereoelectronicos alrededor del centro metalico. Ademas,
las energias de enlace calculadas con este modelo son comparables con las calculadas
para el modelo tipo ACE con tres anillos de imidazol (que se presupone como un modelo
simple aceptable para este propésito).

4. Son posibles diferentes modos de interaccion entre los ligandos usados como
grupos quelantes y los cationes divalentes: enlazamiento monodentado, enlazamiento
pseudo-bidentado y enlazamiento pseudo-tridentado (este ultimo sélo en los ligandos
X(OH), con un grupo aminocarbonil en B respecto al atomo de silicio). Para los
compuestos modelo de gem-silanodioles peptidomiméticos, la interaccion de tipo pseudo-
bidentada rindi6 los mayores valores de energia de enlace (BE) y energia libre de enlace
(BFE). Esta observacion estaba de acuerdo con el analisis estructural experimental
llevado a cabo para un inhibidor silanodiélico en interaccion con TLN [12]. Por otro lado,
las energias de enlace y las energias libres de enlace calculadas para el conjunto de
ligandos basados en la funcionalidad Si(OH ), siguen el orden DHSDP>DHSP>DHSF.
Estos resultados se reprodujeron por los célculos realizados en disolucién acuosa
(aproximacién PCM) que rindieron, en promedio, energias de enlace 20 kcal/mol mas
bajas aproximadamente que los valores obtenidos en fase gas.

5. La tendencia en las energias de enlace calculadas para DMSD en interaccion
con el conjunto de modelos de sitios activo disefiados indica que el valor de BE no puede
emplearse como indicador de especificidad de la funcionalidad Si(OH), por modelos de
sitios activos conteniendo cationes Zn (I1).

6. Se llevo a cabo un analisis combinado NBO-AIM-energias de enlace para los
complejos con enlazamiento pseudo-bidentado y pseudo-tridentado de las especies
DHSF, DHSP y DHSDP, lo cual ayudo a justificar las energias de enlace calculadas para
los mismos. Asi, la mayor deslocalizacion electronica en el grupo Si(OH), para la
especie DHSDP podria estar relacionada con el establecimiento mas efectivo del enlace
covalente dativo en esta especie, lo cual repercute en su mejor (0 mas fuerte) interaccion

(mayores valores de BE y BFE) con el centro metélico.
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7. En lo que se refiere al grupo Ge(OH),, se calcularon mayores valores de
energias de enlace para las especies basadas en esta funcionalidad que para sus
analogos gem-silanoditlicos. Las mejores propiedades como ZBG de estos compuestos
germanodiolicos pueden relacionarse con la mayor deslocalizacion electrénica (o
transferencia de carga) por parte de estos compuestos a los cationes metalicos en los
complejos, como muestran los valores de energia de transferencia de carga reportados
por los andlisis NBO. Este resultado puede poner de manifiesto la utilidad de este tipo de

compuestos como grupos quelantes de Zn (I1).
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V. English Summary

V.1 INTRODUCTION

Silanols, with general formula R, Si(OH),_y,, are known intermediates in the
so-called sol-gel processes leading to obtain, at industrial level, different oxidic materials
(Si0, based compounds) with tailored properties, such as ceramics, fibers, films, etc.
Specifically, the condensation reaction of di-alkyl and di-aryl-silanediols, R,Si(OH),,

generates polisiloxanes (silicones).[1]

Figure 1..1. Schematic representation of polydimethylisiloxane (methylsilicone) chain.

The sol-gel processes are initiated with the hydrolysis of metallic alkoxides or
halides generating intermediate species with OH groups, which, in a second stage,
condensate yielding tridimensional networks and, finally, hydrated oxides. The reaction

involved in the sol-gel processes can be schematized as follows:

Ry-nSi(OR)y = Ry Si(OR ) (OH)p = Ry Si(OR)pom[OSiR s (OR ) pmlm

As shown, the first stage of the process consists in the hydrolysis of the silicon
alkoxides. Silanols are generated as reaction intermediates, which condensate during the
second stage of the reaction to form oxidic networks or siloxanes.

The properties of the final materials obtained in this process are extensively
influenced by the mechanism and kinetics of the reactions involved, and hence the
monitoring of the sol-gel process is an important issue of study.

The IR and Raman spectroscopies are, along with NMR, broadly used in the
monitoring of the sol-gel processes. The bands associated with the Si — OH group,
appearing in the first stage of the reaction, reveal the formation of the silanediol

intermediates, and their subsequent disappearing indicates that the condensation reaction
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occurs. The scrutiny of the appearing and disappearing of these bands in the vibrational
spectra is used for controlling the advance of the reaction. Thus, the study of the
vibrational spectra of these reaction intermediates is a first necessary step for their use in
this task.

In addition to their industrial importance, silanediols have also been found to be
biologically relevant. During the last decades several silanediol-based compounds have
been subject of study in biomedical and biotechnological research spreading their

applications in particular as peptidomimetics (silicon bioisosteres).[2]

yHO OHYy
‘\H/ N \:/Si\/L’_r N,
) 5 O
Figure 1.1.2. General scheme of a silanediol-based peptidomimetic compound (taken from ref.4 and partially
modified).

This discipline (peptidomimetic) is based on the design and obtaining of new
chemical species, with similar secondary structure to their corresponding peptidic
counterparts being, therefore, able to replace them in their interactions with specific
molecular targets and enzymes.[3]

The synthesis of such silanediol based peptidomimetics, and the subsequent
study of their biological properties as inhibitors of metallo- and aspartic-proteases, have
been the subject of recent studies. [4,5-12,29] In general, these are modifications of
already known carbon compounds which have demonstrated efficiency as inhibitors of

metallo and aspartic proteases.

QR

Figure 1..3.Molecular structure of a sﬂanedlol based HIV protease |nh|b|tor (taken from ref. 4 and partially
modified).

Proteases are the family of enzymes which catalyze the hydrolytic breaking of
peptides. More than 500 types of proteases are known, being one of the widest families of
enzymes codified by the human genome. The reaction that they catalyze (proteolysis) is of
great importance in many physiological and pathological processes such as cell

proliferation, tissue repair, control of blood pressure and infection, among others. Their
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significant biological roles turn them into important target of the pharmaceutical and
biomedical research. [3,13-15]

This sort of enzymes can be classified in two groups as concerns their reaction
mechanism:

Those in which a water molecule initiates the process, acting as nucleophilic
group:

Metallo-proteases (whose active site consists of a zinc dication)
Aspartic-proteases (whose active site consists of two aspartic
residues)

Those in which an amino acid residue adjacent to the active site of the enzyme
acts as nucleophilic group:

Serine/ Threonine-proteases
Cysteine-proteases

Among these, two examples of metallo-proteases for which silanediol based
inhibitors have been developed are: the ACE enzyme (Angiontensin-I converting enzyme),
that is a major drug target for cardiovascular diseases due to its main role in blood
pressure regulation by catalyzing the proteolysis of angiotensin | to angiotensin II
(vasopressor), and thermolysine (TLN) which has been found to be a useful catalyst in
protein engineering. Likewise, the HIV protease (aspartic-protease) plays a key role
starting the infection process.

As concerns the reaction mechanism (which still remains unclear), the
proteolysis seems to be initiated when the peptide is bound to the active site. In this
process, a tetrahedral reaction intermediate is formed as a result of the nucleophilic attack
of a coordinated water molecule. The tetrahedral intermediate is stabilized by hydrogen
bonding to aspartic residues (in aspartic-proteases) or by chelating to the metal center (in
metallo-proteases).

The interest of the use of silanediols as protease’s inhibitors lay in some inherent

characteristics of the silanediol group.

N\/U\J\W \._“WHHOOHJ\H/

Figure 1..4. Formation of the tetrahedral |ntermed|ate during the proteonS|s reaction (taken from ref 4 and partially modified).
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The Si(OH), group shows a higher tendency to retain their tetrahedral
geometry (which is similar to that of the reaction intermediates of the proteolysis reaction,

see Figure 1.1.4) than the C(OH), group that readily undergo dehydration.

HO, OH 9
ASi, & _Siy
HO,_OH 2

/C ~ - /C o
Figure 1.1.5. Keto-enolic equilibria in silanediols and carbondiols (taken from ref. 4 and partially modified).

This structural similarity with the intermediates of the proteolysis reaction is also
enhanced by the fact that the SiO and SiC bond lengths are approximately 20% longer
than the CC and CO bonds in carbondiols. Thus, the size and shape of a given molecule
and its corresponding silicon bioisoster will be different so that the substitution of a carbon
atom by a silicon center will improve the way in which this species interacts with specific

molecular targets and, therefore, will increase the selectivity and the velocity of the
biological process. Besides, the —SiOH group is better hydrogen donor and acceptor

than the - COH group which could be an advantage when the interaction is established in
this way. Furthermore, silicon containing compounds are generally more lipophilic than
carbon compounds which make them more capable to penetrate the tissues. [3,4,16,17]

Like any other drug-receptor interaction, the inhibitory activity requires a
preliminary recognition step between the inhibitor and the enzyme active site thus the
molecular and electronic structure of the former will be crucial in the process.

However, and although nowadays numerous silanediols are known and have
been characterized [18,21,29], the number of works focused on the study of the vibrational
and electronic properties of these species is very scarce. In this sense, their propensity
toward self-condensation (which is greater in alkylsilanediols with small alkyl side chains)
has made the obtaining of experimental structural information a difficult task and,
consequently, few studies cope with the characterization of compounds containing the
silanediol group.

For the characterization of such compounds (and hence for obtaining information
about the chemistry of the gem-silanediol group, that may be applicable to gem-silanediols
peptidomimetics compounds) it could be helpful the study of the molecular and electronic
structure, and vibrational spectra of more simple and stable related chemical species from

both theoretical and experimental points of view.
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From the experimental point of view, it must be pointed out that the use of
vibrational spectroscopy have been extensively used in the study of a wide range of
biological compounds[19], with special utility in the study of hydrogen bonded systems.
However, in spite of the growing interest in these silanediols compounds [4-17,20,21,29],
the number of works dealing with their structural characterization using vibrational
spectroscopy is very scarce.

Further, despite the fact that the use of ab initio and DFT methods [22] is a well-
established approach that have been widely used for the study of the conformational and
electronic properties of a great number of biological systems (even including
peptidomimetics of moderate size [23-28]), there is a lack of theoretical works dealing with
the mentioned properties of silanediols.

As mentioned above, the similarity of Si(OH),-based compounds with the
known intermediates of the proteolysis reaction, and their plausible better properties as
chelating groups for the active sites of metallo-proteases, motivated the development of
silicon-based peptidomimetics compounds as inhibitors of these enzymes. Despite this
fact, and although it has been reported that Ge-based compounds usually exhibit lower
toxicity than their silicon analogues [30-33], to the best of our knowledge, no protease’s
inhibitors containing the Ge (OH),, functionality have been reported yet.

On the contrary, a wide range of organogermanium compounds have been
applied in the last decades to the treatment of numerous diseases [30-33].

For the above mentioned reasons and given that the direct experimental
determination of structural and thermodynamic parameters of substrate-metal interactions
is not straightforward, the study of the chelating properties of gem-diolic compounds using
quantum chemical calculations may help to get a better understanding of the nature of the
ligand-enzyme interaction (and hence of the inhibition mechanism) and lay the foundation

for the rational design of new binding groups.
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V.2 OBJECTIVES

The main aim of this work is to improve the knowledge of the chemistry of the
silanediol group, which can result of interest in the spectroscopic monitoring of sol-gel
processes of organosilicon compounds and, also, to get a better insight of the relationship
between the molecular and electronic structures of gem-diolic species (silianediol and
germanediol compounds) and their potential biological activity.

The specific goals are:

1. To study the molecular and electronic structure of a set of small alkylsilanediols,
namely dimethylsilanediol, ethylmethylsilanediol and diethylsilanediol, as a
starting point for the systematic study of more complex gem-silanediols, and to
analyze the relationships between their structure and their vibrational spectra by
means of the theoretical-experimental study of their IR and Raman spectra.

2. To study theoretically (ab initio and DFT) the molecular and electronic structures
of a set of silanediol-based peptidomimetic compounds of moderate size (shown
in Figure LIl.1), with an aminocarbonyl group in 8 and y to silicon, and
structurally related with species that have already proven efficacy as inhibitors of
metallo-proteases, both under the isolated molecule approximation (gas-phase)
and in aqueous solution, and to characterize the role that the intramolecular
hydrogen bonding may play in the stabilization of such systems using the NBO
and the AIM methodologies.

HO, o
H H \SI/ "
[y\/ \Me HO OH
« H H \Si/ H H
o va \'/ﬂY
HO OH o o
\.” B C
Si NH,
Me/ ¢ .
B

o]

Figure LIl.1. Schematic representation of the silanediol-based peptidomimetic compounds into
study.

3. To develop new routes for the synthesis of a significant set of gem-silanediol
derivatives intended to accomplish their structural characterization

experimentally using vibrational spectroscopy techniques.
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To study theoretically, with ab initio and DFT calculations (in gas phase and in
agueous solution) interaction models of gem-diol based compounds with general
formulae X (OH),, (where X = Si and Ge) with molecular systems containing
divalent cations, such as Fe (II), Ni (II) and Zn (II), which may be
considered as a partial reproduction of the first coordination sphere of

metalloenzymes.



V. English Summary

V.3 SUMMARY OF THE RESULTS

Part of the results obtained during (and discussed in section 1) the development

of this Ph. D. Thesis, are collected in the following scientific publications:

.1, Molecular structures and vibrational spectra of alkylsilanediols RR'Si(OH),
m,R‘ = CH3,CH2CH3)

M. 1a Study of the molecular structure and vibrational spectra of dimethylisianediol
(DMSD, (CH33),Si(OH),)

1) Dimethyisilanediol: Structure and vibrational spectra by IR and Raman
spectroscopies and quantum chemical calculations.
P. G. Rodriguez Ortega, M. Montejo, A. Marchal Ingrain, F. Marquez, J. J. Lopez
Gonzélez
Vibrational Spectroscopy 58 (2012) 79- 86

M. 1.b. Stuay of the molecular structure and vibrational spectra of ethylmethylsilanediol
(EMSD, (CH;CH,)CH3Si(OH),)

2) Synthesis and structural study of ethyimethylsilanediol by quantum chemical
calculations and IR and Raman spectroscopies
M. P. G. Rodriguez Ortega, M. Montejo, A. Marchal Ingrain, F. Marquez, J. J.

Lopez Gonzélez
Journal of Sol-Gel Science and Technology 61 (2012) 258-267

M. 1.c. Study of the molecular structure and vibrational spectra of diethylsilanediol (DESD,
(CH3CH),Si(0H)y)

3) Molecular structure and vibrational spectra analysis of diethylsilanediol by IR
and Raman spectroscapies and DFT calculations
M. P. G. Rodriguez Ortega, M. Montejo, A. Marchal Ingrain, F. Marquez, J. J.
Lopez Gonzélez
Journal of Sol-Gel Science and Technology 64 (2012) 54-66
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Mll.2. Theoretical study of the molecular and electronic structures of small silanediol-based

Peptidomimetic compounds.

Nl.2.a. Theoretical conformational analysis and molecular and electronic structure of N-
[dihydroxy(methyi)silyimethylformamide (DHSF) and 3-fdifydroxy (methyl))  sii]
propanamide (DHSP)

4) Stabilizing factors of the molecular structure in silicon-based peptidomimetics in
gas-phase and water solution. Assessment of the correlation between diifferent
descriptors of hydrogen bond strength
M. P. G. Rodriguez Ortega, M. Montejo, J. J. Lopez Gonzalez

Journal of Molecular Modeling (accepted)

Nl.3.a.Synthesis and experimental characterization of precursors of small methylsilanediol

derivatives.

5) Synthesis and structural study of precursors of novel methylsilanediols by IR
and Raman spectroscopies, sinlge-crystal X-ray diffraction and DFT calculations
M. P.G. Rodriguez Ortega, M. L. Docampo, L. H. Thomas, M. Montejo, A.
Marchal Ingrain, C. C. Wilson, J. J. Lopez Gonzalez

Spectrochimica Acta part A (under revision)

Nll.4. Theoretical study of interaction models of the X(OH), group (where X = Si and
Ge)withFe(II), Ni(II) and Zn(II) cations.

lll4.a Theoretical assessment of the interaction and binding ability of the
dimethylsitanediol molecule with simplified metalloproteases active site models containing
Fe (II), Ni (II) and Zn (II) dications

6) Quantum chemical stuay of silanediols as metal binding groups for
metalloprotease inhibitors
I.S. Ignatyev, M. Montejo, P. G. Rodriguez Ortega, J. J. Ldpez Gonzélez
Journal of Molecular Modeling 19 (2013) 1819-1834
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N.4.b. Theoretical study of the interaction models and binding energies of the Si(OH),
functionality with simplified metallgproteases active site models containing Zn (I1)

alications

7) Interaction models of the Si(OH), functionality with Zn2+ cation in simplified
biological environments: a DFT stuady
M. P. G. Rodriguez Ortega, M. Montejo, J. J. Lopez Gonzéalez
Structural Chemistry DOI 10.1007/s11224-013-0258-5

M4.c. Theoretical study of the interaction models and binding energies of the Ge(OH),
functionality with simplified metalloproteases active site models containing Zn (I1)

diications

8) The Ge(OH), functionality as metal binding group for Zn2+ in simple biological
environments
M. P. G. Rodriguez Ortega, M. Montejo, J. J. Lopez Gonzélez

Chemical Physics Letters (under revision)
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V4. CONLUSIONS

Molecular structure and vibrational spectra of alkylsilanediols RR’'Si(OH), (R,R’ =
CH;,CH,CH;)

1. The conformational landscapes of three related alkylsilanediols (namely,
dimethylsilanediol (DMSD), ethylmethylsilanediol (EMSD) and diethylsilanediol (DESD))
have been thoroughly analyzed using ab initio and DFT methods. For the three systems
into study, a gauche-trans orientation of hydroxyl groups (which differs from the gauche-
gauche conformation of the Si(OH), group classically assumed to be the unique) was
found to be real minima of their corresponding potential energy surfaces. Other molecular
conformations are derived from the possible arrangement of the akyl side chains in these
systems (anti (180°), gauche+ (60°) and gauche-(-60°)). Two, five and ten molecular
conformations represent minima in the PES of DMSD, EMSD and DESD, respectively.

2. Their predicted stability orders (gas phase) have been explained on the basis of

the anomeric (or hyperconjugative) effect in the systems studied, using NBO population
analyses. Considering the NBO charge transfer orbital interaction energies (Eé?*),

systems whose hydroxyl groups have gauche-gauche conformation are more stabilized

since the occurrence of hyperconjugative effects are favored in this geometry. The order of

stability set up taking into account the the ), Etfr) values match with those considering

gas phase E, energies.

3. IR and Raman spectra of the species have been recorded and completely
assigned with the support of the vibrational spectra calculated theoretically, getting
experimental evidences of the conformational mixture in the samples, mainly in the low
wavenumber regions.

4, From the comparison of the experimental spectral profiles of the three
alkylsilanediol into study, it is derived that the Si — O stretching normal mode is affected
by the alkyl substitution on the silicon center. This normal mode is shifted toward lower
wavenumber as the size of the alkyl substituents is increased.

5. The IR spectra profile of the three alkylsilanediols studied in the 1200-800 cm!
region is characterized by the presence of bands that can only be attributed to the
presence of moderate size hydrogen-bonded oligomers of the species. This was stated by
the reproduction of the IR spectrum profile recorded in DMSO solution by the theoretical

IR spectra calculated (under the PCM model/ DMSO) for dimers of the species.
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Theoretical study of the molecular and electronic structure of small silanediol-based
Peptidomimetic compounds.

1. The potential energy surface (PES) of two different related silicon-based
peptidomimetics models compounds have been analyzed at the B3LYP/ 6-31+G* level of
theory, revealing the existence of several molecular conformations for the systems (six for
DHSF and seven for DHSP). Most of the structures isolated from their respective PES are
characterized for the occurrence of intramolecular hydrogen bonding between hydroxyl
groups and adjacent amide groups, resulting in quasi-cyclic structures. In some cases,
more than one intramolecular H-bond is possible. This fact can be on the basis of the
higher stability of this sort of compounds contrasting with alkylsilanediols which readily
condensate originating siloxanes.

2. AIM analysis, NBO calculations and Rozenberg's enthalpy-distance
relationship have been used to characterize and evaluate the strength of individual
hydrogen bonds in such systems. There exist a remarkable correlation between the
calculated values of the V2p(r) at each BCP, the NBO charge transfer orbital interaction
energies and the enthalpy values among the set of the 9 different conformers of the two
molecules into study that present intramolecular hydrogen bonding.

3. The strength of the hydrogen bond and the magnitude of the ring and
generalized anomeric effects have been put together in order to justify the stability order
within each family of conformers. For DHSF, structures with strongest hydrogen bonds
and higher magnitudes of the RAE and GAE are calculated to be more stable in gas
phase. For DHSP such parallelism is not so evident suggesting the occurrences of
additional destabilizing interactions, such as steric effects, as the side chains are folded to
establish H-bond.

4, Solvent calculations (PCM model) were performed over the series of
conformers to evaluate the influence of aqueous media in the structure and stability of the
systems studied. For DHSF, stability order is totally inverted on going from gas-phase to
water solution. Conformers with equatorial disposition of the anomeric substituents are
calculated to be more stable in solution which, in fact, is in accordance with the
electrostatic explanation of RAE. For DHSP such stability inversion is not as symmetric as
for DHSF, but those conformers with equatorial substituents are estimated to be more

sol

stabilized than axial structures as evidenced by their AE,>°" values.
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Synthesis and experimental characterization of precursors of small methylsilanediol

derivatives.

1. On the way towards a synthetic route to obtain a series of new
methylsilanediol derivatives with an aminocarbonyl group in g to silicon, five diphenylic
derivatives (i.e. chloromethyl (methyl) diphenylsilane, 2-{{methyl (diphenyl) silyllmethyl}-
1H-isoindole-1,3(2H)-dione, N-[(methyl (diphenyl) silanyl)-methyl]-benzamide, N-[(methyl
(diphenyl) silyl)-methyl]-acetamide and N-[(methyl (diphenyl) silyl)-methyl]-formamide)
candidate precursors of these species have been prepared, isolated and purified.

2. A conformational analysis have been performed at the B3LYP/6-311++G**
level for the five compounds yielding up to three different molecular conformations for
each system, which differ in the arrangement of the side chain, that can adopt either
gauche (g+ and g-) or anti orientation with respect to the Si — CH; bond in the case of
compounds 2-{[methyl(diphenyl)silyllmethyl}-1H-isoindole-1,3(2H)-dione, N-
[(methyl(diphenyl) silanyl)-methyl]-benzamide, N-[(methyl(diphenyl)silyl)-methyl]-
acetamide and N-[(methyl(diphenyl)silyl)-methyl]-formamide .

3. Only intermediate 2-{[methyl(diphenyl)silyllmethyl}-1H-isoindole-1,3(2H)-dione
was solid and then suitable for the experimental characterization of its molecular structure
by single-crystal X-ray diffraction. The so-called conformers gauche + and gauche - are
both present in the crystal structure of the sample, whose packing is dominated by w — 7
stacking interactions (edge-to-face and offset). The eclipsed conformation (global
minimum in the gas phase) was not detected in the crystalline phase.

4. The infrared and Raman spectra of the five species under study were recorded
and completely assigned for each species with the support of DFT calculations. Some
evidences of the occurrence of conformational mixture in the samples were found, since
some of the experimental features are only justified if different conformers are considered

to be present.

Theoretical stuay of interaction models of X(OH), group (where X = Si and Ge) with
Fe(II), Ni(II) and Zn(II) cations.

1. Complexes of a set of MBGs (i.e. HAM and X (OH),-based compounds with
X = Si and Ge) with active site models containing divalent cations have been modeled
and optimized with DFT (B3LYP and M06L) and ab initio (MP2) methods. The results of
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the calculations show that the MO6L method is better (i.e. yield closer results to that of
MP2) than B3LYP predicting geometries and energies of the water displacement reaction
of the considered species. Nevertheless, the inclusion of the dispersion correction (DFT-
D3) on the calculated B3LYP energies corrected them and yielded approximated results to
the values calculated by MP2.

2. Since imidazole ring is supposed to give a more realistic picture of steric
hindrance and electronic effects in active site of metalloproteases, active site models built
by a divalent cation linked to three imidazole rings is a better option to mimic the first
coordination sphere of ACE-like metalloproteases than the model constructed by three
ammonia molecules. In fact, the ZPE corrected AH, energies of the models containing
imidazole rings are lower than the values calculated for the models containing ammonia
molecules.

3. The glutamic acid residue of the first coordination sphere of TLN-like
metalloproteases is reproduced better using an acetic acid molecule instead of using
formaldehyde or acetone molecule. This model bring to a better description of the steric
hindrance around the central dication and, indeed, the calculated binding energies by this
model are comparable with the values obtained by the ACE-like model containing three
imidazole rings (which is supposed to be an acceptable simple model for this purpose).

4. The ligands used as MBGs for the active site models show that several kinds
of interactions with the divalent cation are possible: monodentate, pseudo-bidentate and
pseudo-tridentate (this last only in the X(OH),-based compounds containing an
aminocarbonyl group in B).

5. The trend of binding energy (BE) calculated for DMSD molecule in interaction
with the set of active site models (i.e. Fe?*(t) > Ni?*(t) > Fe?*(q) >
Ni?*(s) > Zn?* for the ammonia models, and Ni?*(t) > Fe?*(t) >
Fe?*(q) > Ni**(s) = Zn?®* for the imidazole models) conclude that this
parameter by its own cannot be used to talk about specificity of these MBGs for Zn?*
active sites.

6. In general, it could be said that DMSD vyield binding energies similar to the
values calculated for the model of the well-known inhibitor HAM with all dications.

7. The binding ability of the silanediol-based peptiomimetic inhibitor models (i.e.
the so-called species DHSF, DHSP and DHSDP) were calculated to be more than double

of that calculated for DMSD molecule at the same level of theory, which, indeed, supports
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the convenience of using these compounds instead of alkylsilanediols to evaluate the
binding ability of this sort of species.

8. For the silanediol-based peptidomimetic inhibitor models, pseudo-bidentate
interaction was calculated to be the strongest in terms of binding energy (BE) and binding
free energy (BFE). This observation was in accordance with the structural analysis of
silanediol inhibitors in interaction with the active site of thermolysine. Moreover, binding
energies and binding free energies calculated for the considered ligands were calculated
to be higher in the order DHSDP>DHSP>DHSF. These results were reproduced by the
calculations carried out in water solution (PCM model) but the values of the binding free
energies calculated under this approximation were c.a. 20 kcal/mol lower than the
corresponding BFE calculated in gas phase.

9. The combined NBO-AIM-binding energies analysis performed over the
pseudo-bidentate and pseudo-tridentate complexes of the DHSF, DHSP and DHSDP
species, allowed to justify the binding energy values calculated for the considered ligands.
In this sense, the greater electron delocalization found in the Si(OH), group for DHSDP
could be related with a more effective establishment of the dative bonding in this molecule
and, hence, with its stronger interaction (higher values of BE and BFE) with the metal
center.

10. The utility as zinc binding group (ZBG) of the Ge(OH), functionality were
evaluated through the calculation of the strength of the Ge(OH), — Zn?* interaction,
also by means of the energy of the water displacement reaction.

11. The binding ability of gem-germanediol compounds were calculated to be
higher that the values calculated for gem-silanediol analogues. Their better performance
as ZBG could be related with the higher electron delocalization (or charge transfer) taking
place in the germanediols complexes, as shown by the values of the charge transfer
orbital interaction energies reported by NBO analyses. This result may point out to the

potential utility of the Ge(OH ), functionality as ZBG.
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