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Resumen

Se ha desarrollado y probado un esquema general para las respuestas de reactividad
quimica en un esquema reducido pero exacto de pares de sitios. La formulacién ha
sido extendida formalmente y generalizada a 6rdenes superiores de la derivada de la
densidad electrénica con respecto al ntimero de electrones manteniendo el potel\mial
externo constante.l Nuevos indices de reactividad y relaciones exactas entre ellos han
sido explicitamente introducidos.! Se ha mostrado una aplicaci6n simple de algunas de

éstas ideas asociadas con la activacién nucleofilica y desactivacién electrofilica en

reacciones de adicién de cloruro de hidrégeno a varios alquenos.?

Con el objeto de complementar ésta formulacién con otras aproximaciones locales y
globales de reactividad, la aproximacién termodindmica local ha sido explorada en
conexién con el andlisis topol6gico de la funcién de localizacién electrénica. Ejemplos
particulares de aplicacién han sido abordados tanto para la reactividad estatica
desarrollada por el estado fundamental de moléculas,34 como para sistemas periciclicos

en interaccién.5s

' E. Chamorro, R. Contreras, P. Fuentealba, “Some relationships within the nonlocal (pair-site) chemical reactivity
formalism of density functional theory”. J. Chem. Phys., 113, 10861 (2000).

2 A, Alzman, R. Contreras, M. Galvan, A. Cedillo, E, Chamorro, J. C. Santos, “Markovnikov regioselectivity rule in
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? p. K. Chattaraj, B, Gémez, E. Chamorro, I, C. Santos, P. Fucnteatba, “Scrutiny of the IISAB principle in Some
representative acid-base reactions”, J. Phys. Chem. A. In Press. Septiembre 2001,

*P. K. Chattaraj, E. Chamorro, P. Fuentealba, “Chemical bonding and reactivity: a local thermodynamic viepoint”,
Chem. Phys. Lett., 314, 114 (1999). )

SE. Chamorro, 1. C. Santos, B. Gémez, R. Contreras, P. Fuentealba, “Topological analysis of the electron localization
function applied to the study of the [1,3] sigmatropic shift of fluorine in 3-fluorpropene™ J. Chem. Phys., 114, 23
(2001).
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Finalmente y siempre dentro de un esquema perturbativo de Ia reactividad quimica;
indices de naturaleza nuclear han sido incorporados explicitamente en Ia teoria,
generalizando tales respuestas a 6rdenes superiores de la derivada de las fuerzas de
Helimman-Feyman sobre los nicleos con respecto al nimero de electrones.” Relaciones
exactas entre estos indices y la contraparte electrénica han sido derivadas en los cuatro

representaciones de Legendre que constituyen los principales ensambles de Ia teoria de

funcionales de la densidad.?

Los resultados obtenidos en la presente investigacién son relevantes dentro de la
construccién de una teorfa formal de la reactividad quimica en el marco de la teoria de
funcionales de la densidad. Los aspectos més importantes han sido sefialados tanto
pa'ra reactividades electrénicas! como nucleares” Se espera que estos resultados

constituyan las bases para nuevos desarrollos dentro de un marco més completo de Ia

reactividad quimica,

®E. Chamorro, J. C. Santos, B. Gémez, R. Contreras, P, Fuentealba, “ Topological analysis of the electron localization
Junction applied to the study of the bonding nature of sigmatropic transition states”, Enviado J. Chem. Phys.
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Abstract o

A generalized scheme for chemical reactivity responses in a reduced but exact non-local
pair-site approach, has been develope‘(li and tested. The formulation has been extended
and generalized to higher order terms of the derivative of electron density with respect
to the electron number at constant external potential. 1 New reactivity indexes and
exact relationships between them have been explicitly defined.? The applicability of
such ideas has been explored in the study of nucleophilic activation and electrophile

deactivation in the reaction of hydrogen cloride with several alkenes in the gas phase, 2

With the aim to complement this formulation with some other local and global
descriptors of chemical reactivity, the local thermodynamic formulation has been
explored in conecction with the topological analysis of the electron localization

function. Particular examples have been carefully examined for both the static

! E. Chamorro, R. Contreras, P. Fuentealba, “Somie relationships within the nonlocal {pair-site) chemical reactivity
formalism of density functionat theory™, J. Chem. Phys., 113, 10861 (2000).

2 A. Aizman, R. Contreras, M. Galvén, A. Cedillo, E. Chamorro, J. C. Santos, “Markovnikov regioselectivity rule in
the light of a generalized HSAB principle” En Preparacion. J. Phys. Chem A., 2001

xvi




reactivity developed around the ground state of reagentsi4 as well as pericyclic

interacting systems. 55 .

Within the framework of a perturbative scheme of chemical reactivity, nuclear
reactivity indexes (i.e, incorporating the nucleus within the formulation) has been
explicitly considered through the derivative of Hellmann-Feynman forces on nuclei
with respect to the electron number.” Exact relationships for corresponding higher
order responses has been derived in the four Legendre transformed ensembles of
density functional theory.? The exact relationships with electronic indexes such as the

Fukui function has been shown explicitly.

The results obtained from the present research are relevants for a formal theory of
chemical reactivity based on the formalism of density functional theory. Most
important aspects have been outlined both for electronict as well as nuclear? reactivity.
This model is expected to be the basis for new developments within a more complete

picture of the chemical reactivity.

3P.K. Chattaraj, B. Gomez, E. Chamorro, J. C. Santos, P. Fuentealba, “Scrutiny of the HSAB principle in Some

representative acid-base reactions”, J. Phys. Chem. A. In Press. Septiembre 2001,
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Introduccion

La teorfa de funcionales de la densidad (DFT)' se ha convertido en un
amplio y riguroso marco teérico unificador para el desarrollo de una teorfa
formal de la reactividad quimica.® Esto se debe fundamentalmente a que a
través de un formalismo de ensamble analogo al de la termodindmica,*’
presenta una estructura matemdtica que es adecuada para la descripcién
cualitativa y prediccion cuantitativa de las respuestas quimicas frente a
diferentes estimulos o perturbaciones externas en el sistema. FEste es

precisamente el objetivo central de una teorfa formal de reactividad quimica.

Una jerarquia completa de descriptores electrénicos de naturaleza global, local y
1o local ha sido introducida en el marco formal de la DFT, estableciéndose una
relacién directa con conceptos quimicos de relevancia fundamental.™®® Tal
descripcién estd basada fundamentalmente en expansiones de Taylor de los
funcionales de energfa en las diferentes representaciones introducidas a través

de transformaciones de Legendre.*”




Entre las’cantidades electrénicas globales pueden mencionarse el potencial

qufimico electrénico i1,

9.11 (

identificado como el negativo de Ia electronegatividad: ~

1), la dureza,” y la blandura s.*'® Estas cantidades se definen como respuestas

globales del sistema a perturbaciones globales a potencial externo v(r) constante,

_[i] _.
v, * ()
_| on
T’H[BN :L(r)’ (2)
[ﬂ] _1
6# o) n (3)

relaciondndose con aspectos termodindmicos o energéticos de los sistemas

quimicos. Tales descriptores resultan de valor complementario’®? cuando se

utilizan en el contexto de principios quimicos empiricos o cualitativos como el

principio de maxima dureza (MHP)

2B 5 el principio de 4cidos y bases duros y

blandos (HSAB).***® Estas reglas empiricas han demostrado su versatilidad en




el anélisis de transferencias de carga al ser usadas en conexién con el principio

de igualaci6n de la electronegatividad.!**"¢

Las respuestas locales a perturbaciones globales (o locales) vienen descritas por su
parte a través de indices como la densidad electrénica p(r),” la blandura local

s(r),""7 y Ia funcién de Fukui f(r),l’:;”9 definidos respectivamente a través de,

OE
pr) = [av_(r)]N , )

op(r)

o]
aﬂ v(r)’ (5)

y
_|optr)| _{_ oK

ro-| 22 [av(r)]N, ©

Estos indices electrénicos locales, al igual que el potencial electrostatico, "™ se

han asociado con los conceptos de reactividades de sitios o selectividad de sistemas
quimicos en sus estados fundamentales. En particular, la funcién de Fukui

£(r)*** constituye en si misma una generalizacion, en el marco formal de la DFT,




de los modelos aproximados basados en orbitales de frontera (HOMO y LUMO)
desarrollados por Fukui y col.*** La literatura concerniente a este importante

descriptor de reactividad local £(r) ha sido revisada recientemente.®

Los conceptos de activacién o desactivacion de sitios se relacionan por otra parte
con cambios en reactividades locales como respuesta a perturbaciones locales en

puntos diferentes del espacio molecular.*”* La funcién de respuesta lineal de

A9

primer orden y(r,r1)*” por ejemplo, asi como los kernels de blandura s(rri),” y

dureza n(r,r),

corresponden a fndices no locales (es decir, dependientes de
pares de puntos en el espacio) que pueden ser usados para tratar con estos

aspectos de la reactividad quimica. Dichos descriptores vienen definidos

respectivamente como,

_| 8p(r)
z(,r) “[—'—av (rl)L’ )

op(r)
S(rlrl)zl:au(rl):[ (8)

’




_[_&7Fle]
"‘r’r‘)'[ap(r)ap(r.)] ®

r

en donde F[p] es el funcional universal de Hohenberg y Kohn.!

La funcién de respuesta lineal de primer orden definida en la Ec. (7), mide la
variacién de la densidad electrénica en la posicién r cuando el sistema es
localmente perturbado en el sitio r1 {por ejemplo por un cambio de sustituyente,

4198525 Esta funcién se ha encontrado de

o un efecto local de solvatacién).
utilidad en la descripcién cualitativa de los cambios de reactividad (activacion o
desactivacién) de una region molecular especifica, hacia el ataque electrofflico o
nucleofilico de particulas cargadas, en procesos controlados por cargas.*™185553
Por otra parte, las funciones de respuesta de segundo orden®™ describen
correctamente las fluctuaciones en la funcién de Fukui 3f(r) en una region
molecular arbitraria que se encuentra en interaccién blanda con su entorno.®®

56,57

Estas cantidades, asf como las relaciones entre ellas, definen asf respuestas

locales a perturbaciones locales sobre los sistemas en diferentes puntos del

49,56,57

espacio molecular, resultando de particular interés en el desarrollo del

presente trabajo para describir la activacién (desactivacién) de sitios de reaccion.




En esta Tesis se propone, desde un punto de vista tanto formal como aplicado, el
desarrollo de modelos de reactividad que definen, complementan y extienden
las anteriores jerarquias globales, locales y no locales de descriptores de
reactividad,”*® en las cuatro transformaciones de Legendre asociadas con los

principales ensambles de la DFT.*7

En el Capitulo 2, se han abordado algunos aspectos relacionados con las
consideraciones no locales de la reactividad quimica (en un esquema reducido de
pares de sitios) tomando como punto de partida la relaci6n de Berkowitz y

Parr, ¥

§

#En) =5 )+ L ELE) (10)

Esta formulacion ha sido extendida aqui a 6rdenes superiores de la derivada de
la densidad electrénica p(r) con respecto al nimero de electrones N a potencial
externo v(r) constante. Nuevos indices electrénicos asi como relaciones
mateméticas exactas entre ellos han sido introducidos explicitamente,*®
estableciendo las bases para futuros desarrollos. Un ejemplo de aplicaci6n
simple de las ideas de activacion (desactivacién) de sitios ha sido abordado a

través del estudio de la regla de regioselectividad de Markovnikov en




reacciones de adicién de HCI a diferentes alquenos, empleando un modelo

basado en la variacién a primer orden de la blandura local 8s(r).”

Por ofra parte, la descripcién termodinamica local de Ghosh, Berkowitz y
Parr® en el formalismo del estado fundamental de lIa DFT, complementa las
ideas locales de reactividad. Ellos introdujeron conceptos como temperatura
electrénica local, entropfa local y energfa libre de Gibbs local.®*%* En el Capitulo

3 se ha explorado la utilizacién de estas cantidades locales®™*

con el objeto de
describir la naturaleza electrénica del enlace qufmico. Dentro de este mismo
contexto y con énfasis en la aplicacion de ofras estructuras locales de
reacﬁvidad, como el andlisis topolégico de la funcién de localizacién electrénica
(Ei_.F) de Savin y col,® se ha explorado también la aplicabilidad de estas
herramientas topolégicas en algunas reacciones periciclicas.** Finalmente, y
en conexién con las ideas de reactividad global, se incluye también en el Capitulo

3, un analisis cuidadoso del principio HSAB a través de la exploracién detallada

de las interacciones entre Ag* y HF con las bases XHz (X = N, P, As).”

No obstante el gran énfasis puesto en la descripcion de la reactividad
sobre la base de indices electréhicos, resulta claro que durante un proceso
quimico, la descripcién completa de las respuestas requiere no s6lo de la

consideracién de cambios en la densidad electrémica p(r), sino también la




consideracién explicita de los cambios en las configuraciones nucleares.®®

Estos aspectos se han ido incorporando en el formalismo de la DFT mas
recientemente.”””™ 1La definicién de indices de reactividad nucleares, tales como

la funcién de Fukui nuclear propuesta por Cohen y col.,**®

[aF,
o], o

y las relaciones explicitas con otros indices nucleares y electrénicos se ha venido

completando con gran detalle,”" ™

para obtener una descripcién més integral y
exacta de la reactividad quimica en el seno del formalismo de la teoria de
fupcionales de la densidad.”® Una extensi6n de las respuestas nucleares de
reactividad a 6rdenes superiores de la derivada de la fuerza de Hellmann-

Feynman F, sobre los nitcleos, ha sido explorada en el presente trabajo y se

expondré detalladamente en el Capftulo 4.7

Los resultados encontrados en esta Tesis contribuyen a una generalizacién y
extensién de una teorfa de reactividad quimica basada en el formalismo de la
DFT, con implicaciones tanto en reactividades electrénicas™ como nucleares.”
Las conclusiones generales asi como los problemas abiertos a futuros desarrollos

se sefialardn finalmente en el Capitulo 5.
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CAPITULO 2

Reactividad no local en el contexto de la

teoria de funcionales de la densidad

2.1 Introducciéon

La teorfa de funcionales de la densidad (DFT) constituye un poderoso
mén':o formal para el desarrollo e implementacién de modelos de reactividad
quimica.’> Como fue mencionado en Ila Introduccién, una representacién
termodindmica de ensamble andloga a la termodindmica, a través de
transformaciones de Legendre basicas de las funcionales de energia,*® permite
la definicién de cantidades de naturaleza global, local y no local que pueden

relacionarse con importantes conceptos quimicos."’8

En el cambio de un estado fundamental a otro, y en la representacion del
ensamble canénico [N, v(r)], la diferencial de primer orden para la densidad

electrénica dp(r) vendr4 dada por,

15




dp(r) =1 (r)dN + [3(r,n)6v (r,)dr, o)

donde £(r)*"® es la funcién de Fukui y x@x)" es Ia funcion de respuesta lineal
de primer orden definidas previamente. Dado que el potencial u(r), definido

como,

8Flp]

u(ry=v(r)-p=- 5o(r) )

es simplemente un potencial generalizado que, en virtud de los teoremas de
4
Hohenberg y Kohn (HK),”? debe ser funcional de la densidad electrénica y

viceversa, puede escribirse también que,

dp(r) = s (r,rYou(n)dn (3)

en donde hemos usado la definicién para el kernel de blandura s(r,11).
Berkowitz y Parr (BP)" mostraron por primera vez que la expansion de 8u(r) en

la Ec. (3) en términos de las variables del ensamble [N, v(r)] conduce a,

dp(ry=ns(r)dN + [[-5(r,n) +s(r)f (1) (r)dr; @

16




Asi, por comparacién directa de las Ecs. (1) y (4) se obtienen las dos siguientes

relaciones exactas,

fr)=ns(®) (5)

Xrsn)==s(r.n)+s(r)f (r) (6)

La primera de estas expresiones da cuenta simplemente de Ia relaci6n existente
entre la funcién de Fukui £(r) y la blandura local s(r), mientras que la Ec. (6) es
una interesante relacién no local que muestra explicitamente la conexi6n entre la
funci6n de respuesta lineal x(r, r1), y el kernel de blandura s(r, 11) a través de las
funciones de Fukui evaluadas en sitios distintos r y 11 del espacio molecular. Se
trata de una relacién entre indices electrénicos no locales, locales y globales, que

serd la base de los nuevos desarrollos presentados mas adelante, 3

La funcién de respuesta lineal y(r, r1) involucrada en la Ec. (6) define una
respuesta no local cuya simetria debe ser recalcada.® T.os cambios en la
densidad electronica medidos en un sitio 11 arbitrario del espacio molecular
como respuesta a una perturbacién en otro sitio rz, deben ser iguales a las

respuestas en la densidad del sitio r» si la misma perturbacién se hiciese sobre ri,

17




mientras el ndmero de electrones permanece constante. Dichos cambios se
encuentran modulados esencialmente a través del kernel de la blandura
s(r,r))."! Se vera entonces mas adelante cémo una aproximacién general local a
estos kernels afecta el caricter, intrinsecamente no local, de la respuesta

quimica.

Es importante también tener en cuenta que la relacién de BP, Ec. (6), ha sido

obtenida posteriormente como un resultado directo y formal de las ecuaciones
lineales de perturbacién planteadas por Senet."® Dichas ecuaciones a cualquier

orden de perturbaciér‘z, resultan de la expansién funcional en series de Taylor
* i

del potencial quimico p y la funcién h(r) = 8F[p(r)]/8p(r), que determinan la

ecuacion fundamental de Euler-Lagrange,

SF[p(r)]
=T ) ’ )

La formulacién exacta de tales respuestas ha sido también extendida

posteriormente por Senet en términos de la teorfa de Kohn-Sham. !¢

La representacion completa de la respuesta quimica a cualquier perturbacion

externa involucrard obviamente funciones de respuesta y kernels de 6rdenes

14,

H
superiores."™” En un marco més limitado de funciones de respuesta que

18




involucran solamente a pares de sitios (importantes en si mismas para
representar en primeras aproximaciones perturbaciones externas debidas a un
efecto de solvente o a un cambio de sustituyente),”™” es posible encontrar
relaciones ttiles que establezcan condiciones acotadas a cualquier modelo de

reactividad para los fndices locales
2.2 Teoria

Definiendo el indice f®)(r) como la derivada de orden n de la densidad

electronica p(r) con respecto al niimero de electrones N a potencial externo v(r)

constante,

" "p(r)
o= [GN Lr) (8)

)]

se obtiene que esta cantidad debe ser una funcional de las variables del
ensamble canénico [N, v(r)] y del potencial generalizado u(r).”® Es necesario
entonces introducir ademés una funcién general de respuesta no local de pares

de sitios f)(r,r1) y su kernel asociado F)(r,r1),

(m f(")(")
f )= [6‘,(1)] ©)
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. of ™
“ren =[ gu(rf;)] 1

Es claro que éste kernel deberd integrar a alguna funcién local Qlo)(r),

0" ()= [F .y (11)

Entonces, siguiendo el procedimiento de BP,™! y expandiendo hasta primer
orden la diferencial de f&)(r) en términos de las variables [N, vt)] v [u@®)], y

luego de alguna simplificaci6n algebraica se obtiene finalmente que,

QW (ry=sf " (r) (12)

F @Ry ==F® (r,5)+Q% (r)f  (r)) (13)

que son nuevas relaciones exactas y completamente generales para una teorfa de

reactividad no local exacta de pares de sitios.)>!%19
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Resulta directo entonces probar que estas ecuaciones se reducen en los 6rdenes
inferiores a las expresiones previamente desarrolladas por Berkowitz y Parr,
Ecs. (5) y (6), para la funcién de respuesta lineal de la densidad y el kernel de
blandura (n = 0)." Fuentealba y Parr también habfan mostrado previamente®!
relaciones similares para una funcion de respuesta asociada a la funcién de
Fukui que en la presente formulaci6n corresponde al caso en quen=1. Las Ecs.
(12) y (13) representan las extensiones directas naturales a 6rdenes superiores en
el marco de cantidades de reactividad que involucren pares de sitios. Un
andlisis directo permite identificar que dichas relaciones complementan y

3

extienden la jerarquia de funciones introducida por Senet en la representacién

canénica.}*!?

Ahora bien, dado que no es posible en general escribir una diferencial exacta

para la densidad electrénica en términos del potencial generalizado u(r) y del

ntimero de electrones N, es decir,

" d"s(r,n)
F®(r,n)# [T} . (14)
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se tiene entonces que a partir de la relacién definida en la Ec. (6) puede

escribirse,

0"s(r,n) a" " -
—[. BN"I :,v(r) +6N" [gfm (")fﬂ)("l)lr(r) =~F7(r,n)+sf " (ryf ¥ (n)

(15)

Adicionalmente f®*1)(r) puede expresarse en términos del descriptor local t(r)*
que introduce explicitamente variaciones de la blandura local 5(r) en el

formalismo, esto es,

7e0 =2 2] =§5(Z}’("”‘“ r¥® ) (16)
v(r) =
donde
W | 07"S(r)
™ (r) ——[WL’) (17)
y
Wem | 2
7" (r) = [B—N_"—]v . (18)
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Estas relaciones complementan y extienden el formalismo de respuestas no
 locales de pares de sitio para una teorfa formal de reactividad quimica basada
en la DFT, y constituyen una generalizacién exacta completa de estudios
previamente reportados.'®” Las funciones de respuesta generales f)(r,r1) y sus
kernels asociados Fi(r,r;) pueden escribirse ademés en términos de nuevos

indices Iocales y no locales de reacfividad, a saber,

F®(ryr)= g[":)[{‘"""’ () ® () +n"HT® (r,r;)], (19)
Yy
£ )= kZ;(” i IJP “FD @) ® )+ ()] | (20)
en donde,
v <r>=[§7”(%l @)
ro ()=[‘5{;‘L(())J @)
y

23




@ RG]
t (r’r’)_[c?vm) ]N @)

son funciones generalizadas de blandura Jocal, y los kerneles y funciones de
respuesta asociadas de pares de sitios, respectivamente. Debe notarse que la

siguiente relacién de Maxwell ha sido usada en las derivaciones anteriores,

n+1 — 5’?(")
re )(q)~[av(rl)lv. (24)

La validez de las condiciones antes establecidas queda sujeta en consecuencia a
la existencia de las derivadas superiores implicita en la Ec. (8). Es necesario
también recalcar® que dada la discontinuidad de la energfa respecto al nimero
de electrones, cada indice define en la préctica pares de descriptores
dependiendo del limite sobre el cual se toman las derivadas. Esto se ha asumido

implicitamente a través de todo el desarrollo presentado.

Ahora bien, expandiendo a primer orden Ia diferencial del indice f®)(r), definido

por la Ec. (8), como una funcional explicita de [N,v(z)], se puede escribir que,

df () =f "V (@N + [f ¥ (n)6v () (25)
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y la Ec. (13) puede usarse para evaluar la funcién de respuesta no local f®)(x,r;)
siempre que sea posible obtener la complicada cantidad F®)(r,r;). En la mas
simple de las aproximaciones, el modelo local?® éste puede escribirse

simplemente como,

F?r,n) - ’B (S (r—r) , (26)

donde B()(r) es una funcién que debe conservar la condicién de normalizacién

que est4 implicita,

Jof @ ydr =0 (27)

¥ 8(r-11) es la distribucion de Dirac. Usando las Ecs. (13), (25) y (26) y luego de

simplificar, se obtendra finalmente df®)(r) como,

d@f ™ (r)=~B" (r)év (r)+ Q" (r)du (28)

que es un resultado completamente general. Esta relacion implica que el
caracter no local de la respuesta quimica bajo una aproximacién local al kernel
de reactividad de blandura generélizado debe aparecer siempre implicitamente
s6lo a través de los cambios en el potencial quimico electrénico del sistema dp.

Noétese que la contribucién del cambio en el ndimero de electrones dN se elimina
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en forma natural en virtud de la validez general de la Ec. (12). Estos resultados
constituyen la explicacién general y exacta de los resultados previos sobre las
funciones de respuesta de la densidad” asi como de la funcién de Fukui.®® Las
funciones locales Q®(r) y B®(r) deberén entonces fijarse de acuerdo a las
condiciones de normalizacién como la Ec. (27) y de aquellas impuestas por el
problema especifico que se analiza. Ejemplos previamente reportados sobre el
estudio del i6n cianuro y de enolatos en fase gaseosa y en solucién
corresponden s6lo a casos particulares (n=0yn=1)dela presente formulacién
general definida por la jerarquia completa descrita por las Ecs. (12) (13) y (16) -

(23).

Es importante en este punto, hacer notar que la importancia de Ia
caracterizacion del estimulo externo o perturbacién quimica dentro del marco
de teoria de la reactividad ha sido bien subrayada por Cohen y col."”* Se
mostrard a continuacién, en el contexto de un esquema perturbativo a las
respuestas de reactividad, que la incorporacién directa de nuevos indices en
términos de las variaciones del potencial externo v(r) en sitios arbitrarios del
espacio molecular es una consecuencia inmediata. En particular se muestra aqui
cémo tal esquema puede ser incofporado explicitamente (para relaciones a tres

sitios por ejemplo) en la formulacién expuesta anteriormente.
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Tomando la derivada funcional de la Ec. (13) con respecto a cambios en el

potencial externo, se tiene que,

F @) _ |oF?(r.n) o () g )
[ i ] _ [ ), ey w| 29)

>

Se puede probar también que,

o ™ (r,r, "x,(r,r,r.
f ¥ (r,n) _ X2 nt 2) (30)
ov(r) |, oN (o
y ademés,
SF® (r,r, S, (r,r,r
)] _[7S,(m,m) -
ov(r,) v ON v
donde el kernel a tres sitios queda definido simplemente como,
3s(r,n)
S L) =l
:(r,n,n) [ () L, (32)

Y %2(r, 11, 12) es la funcién de respuesta lineal de segundo orden. Empleando

entonces la Ec. (13) y la Ec. (29) se obtiene la siguiente expresion general,
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ik {[ % ]f"’(r)f”’(rl)ﬂ«f”’(r,rz)f”’(r;)+sf(“(r)d“”(rprz)} =
N

oN" || 6v (r2) o
5 (33)
st (iz)] TP P ) +s E V) P w) 45 £ D EE (n,n,)
N
donde Jas condiciones siguientes s¢ cumplen adicionalmente,
as
[Jv (r )} A Y (34)
2718
y )
2 0" X, (rs
& ’(r,r])=[ L4 ”)J (35)

Dichas expres;iones representan entonces relaciones importantes para la
caracterizacion del estimulo o perturbacién quimica, resultando dtiles en una
d:escripcién més detallada de Ia respuesta quimica. Tales respuestas deben
involucrar obviamente descriptores no locales, locales y globales de reactividad,
como ha sido mostrado en los parrafos anteriores. En relacién con este punto,

Parr y Ayers han introducido también recientemente indices de reactividad

basados en cambios explicitos en el potencial externo.?
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En términos generales, y en el marco del formalismo de reactividad no local, los
resultados presentados en este Capitulo constituyen un importante avance en la
bisqueda de relaciones y condiciones exactas entre los descriptores de
reactividad electrénica global, local, y no local, a cualquier orden de la derivada
de Ia densidad con respecto al niimero de electrones a potencial externo v(r)
constante.  Estas derivadas de mayor orden son importantes dentro de un

andlisis perturbativo en la teorfa de reactividad quimica dentro del formalismo

de la DFT.13
2.3 Aplicacién

La regioselectividad en la adicién de haluros de hidrégeno a alquenos
asimétricos sé-describe cominmente mediante la regla de Markovnivkov, que
establece que la adicién de electréfilos tiene lugar en el 4tomo de carbono menos
sustituido, de modo de generar el carbocatién mds estable. Por supuesto, los
detalles mecanisticos son ricos en complejidad® pero el esquema global
constituye sin duda un modelo simple para estudiar algunas de las ideas de
reactividad (activacién y desactivacion) introducidas previamente. En este

contexto, se ha abordado aqui un estudio concerniente a Ia regioselectividad de
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la adicién de HCI al doble enlace de los alquenos [1]-[6] que se detallan en Ia

Tabla 2.1

Tabla2.1 Sistemas modelos para el anlisis de activacién y desactivacién de sitios.

Ry R
Especie R1 R2 R3 R4 /C]=C5\

Rj R4
11 H H H H Etileno
[2] CH3 H H H Propeno
3] CH3 CH3 CH3 H 2-metil-2-buteno
[4] C6H5 H H H Vinil benceno
[51 C6éH5 CH3 H H Isopropenil benceno
[6] CN H CH3 H cis-2-butenonitrilo

El andlisis te6rico de estas reacciones se basaré aqui en el modelo que se deriva

de las variaciones a primer orden de la blandura local, (Ec. 12, n=0)

3s(ry=0sf () +5 5 (r) (36)

Las reglas empiricas de Markovnikov se discutir4n entonces en términos tanto
de las variaciones de la blandura 3s(r) Iocal y de la funcién de Fukui of(r), en un
marco més general de teoria.® Las propiedades locales fueron evaluadas sobre
los puntos estacionarios optimizados al nivel de teorfa B3LYP/6-311G**,30-32
empleando un modelo orbital .para la funcién de Fukui condensada £*

previamente reportado,?®*!
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fi =2 2eeS (37)

ek p

en donde los coeficientes ¢ son los vectores propios correspondientes al orbital
molecular de frontera o (FHTIOMO, para reactividad frente a un electréfilo, y
LUMO, para la reactividad frente a un nucleéfilo) y S, es la integral de

solapamiento entre las funciones de Ia base p yv.

En un marco general que extiende el formalismo basado tnicamente en
variaciones de 5f(r),”® se mostrara explicitamente que las funciones de Fukui se
muestran como los descriptores naturales de selectividad donde los cambios en
la blandura local describen los patrones intrinsecos de reactividad (activacién o

desactivacion).

Los resultados globales de reactividad para la serie de alquenos [2]-[6] indican,
como puede apreciarse de la Tabla 2.2, que el modelo de teoria escogido es
suficientemente adecuado para predecir que el canal Markonikov se encuentra
favorecido (ataque de H* al carbono C2 para generar el carbocatién més estable).
Las eneréias de activacién predichas son 30.1, 26.2, 25.7, 23.2, y 38.5 kecal/mol
para la serie [2]-[6], siendo la de réferencia (etileno) de 36.0 kcal/mol. Es claro el
efecto electrénico de los sustituyentes en la estabilizacién del carbocati6on

Markovnikov.
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Tabla 2.2 Indices globales de reactividad (energia, frecuencia imaginaria v, dureza n,
polarizabilidad media <c:>) en la adicién de HCI a diferentes alquenos. (NIMAG=Ntimero
frecuencias imaginarias).

Especie -Energia, NIMAG v, n, <o>,

ua icm? ua ua

[1] GS1 539.4474 0 - 0.141 223
TS 539.3900 1 1437.0 0.065 43.5

P 5394793 0 - 0.156 34.1

[2] GS2 578.7775 0 - 0.137 34.7
TS2(M)  578.7295 1 1127.3 0.059 57.5
TS2(AM) 578.7173 1 1315.8 0.066 55.8

P2(M)  578.8075 0 - 0.154 46.7

P2(AM) 578.8036 0 - 0.156 45.7

[31 GS3 657.4330 0 - 0.130 59.6
TS3(M)  657.3913 1 779.6 0.053 82.0
TS3(AM) 657.3806 1 989.2 0.060 80.9

P3(M)  657.4567 0 ~ 0.150 70.2

P3(AM) 657.4543 0 - 0.154 69.3

[4] G54 770.5607 0 - 0.095 874
TS4M) 7705197 1 712.9 0.038 127.4
TS4(AM) 770.4980 1 1320.1 0.065 110.6

P4M)  770.5836 0 - 0.112 96.0

P4AM) 7705814 0 - 0.119 93.2

[51 GS5 809.8865 0 - 0.100 97.6
TS5(M)  809.8496 1 557.3 0.037 136.8
TS5(AM) 809.8234 1 11504 0.068 121.6

P5(M)  809.9066 0 - 0.111 108.0

P5(AM)  809.9040 0 - 0.120 105.2

[6] GS6 671.0456 0 - 0.114 47.7
TS6(M)  670.9843 - 1 1429.6 0.063 70.6
TS6(AM)  670.9719 1 1305.6 0.045 74.9

‘ Po(M)  671.0631 0 - 0.154 57.0
P6(AM) 671.0556 0 - 0.140 57.6
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El cambio de reactividad global de cis-2-buteno nitrilo es una respuesta clara del
efecto electrénico opuesto de los grupos ciano CN y metilo CHs. Las Tablas
23a-2.7a, reportan los datos de reactividad local estitica obtenidos para la
adicién electrofilica y nucleofilica a los centros Markovnikov (CM) y Ant
Markovnikov (CA) en la reaccién de adicién de HCI a los alquenos [2]-{6],
respectivamente. Por otra parte,h en las Tablas 2.3b-2.7b, se reportan las
contribuciones globales y locales a la activacién nucleofflica y desactivacién
electrofflica en los centros Markovnikov (M) y anti- Markovnikov (AM) para
estas reacciones de adicién. Del cuadro estético de reactividad desarrollado por
Ioss estados fundamentales GS1-GS6 se observa claramente de las Tablas 2.3a-
2.6a, que el carbono Markovnikov (C2) muestra sisteméaticamente las funciones
eléctrofﬂicas més altas (fiv), respecto a las del centro anti Markovnivkoy C1), y
atin mayores que las correspondientes funciones nucleofilicas (f*) en ambos
centros. Este resultado concuerda con el hecho de que el ataque de H* es previo
al del nucleéfilo, es decir, de que la adicién del haluro se inicia por un ataque
electrofflico que implica Ia transferencia de un proton al doble enlace carbono-
carbono. Es claro que el nuevo enlace C-H se forma a partir de los electrones =
del enlace C=C y por consiguinte el carbocatién mas estable se obtendr4 cuando

el H se adicione al carbono menos sustituido 3
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Tabla 2.3a. Reactividad local estdtica para la adicitn electrofilica y nucleofilica a los centros

Markovnikov (CM) y Anti Markovnikov (CA) en la reaccién de HCl y Propeno (2).

Especie s, ua Centro (k) fi- fi*
GS2 7.291 M 0.4987 04711
CA 0.3988 0.4602
TS2(M) 16.978 CM . 0.1087 0.0645
CA 0.0214 0.6410
TS2(AM) 15.102 M 0.0260 0.6382
CA 0.1368 0.0852

Tabla 2.3b. Contribuciones globales y locales a la activacién (desactivacién de sitios) en los
centros Markovnikov (M} y anti- Markovnikov (AM) para la reaccién de HCI y Propeno (2).

Especies Centro (k) Asi fi° As 8°Af i
TS2(M) CM@) -1.7898 48314 -6.6212
CA®) 7.5272 4.4583 3.0689

. TS2(AM) CMb} 6.2041 3.6801 2.5240
CA® -0.8411 3.1157 -3.9568

. (2) desactivacion electrofilica (b) activacién nucleofilica,

Tabla 2.4a. Reactividad local estética para la adicién electrofilica y nucleofilica a los centros
Markovnikov (CM) y Anti Markovnikov (CA) en Ia reaccién de HCl ¥ 2-metil-2-buteno(3).

Especies s, ua Centro (k) fi-

fit
GS3 7.690 CM 0.4295 0.4098
CA 0.3630 0.3628
TS3 (M) 18.843 CM 0.0736 0.0475
CA 0.0205 0.6203
TS3 (AM) 16.566 CM 0.0262 0.6217
CA 0.0995 0.0634
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Tabla 2.4b. Contribuciones globales y locales a la activacién (desactivacién de sitios) en los

centros Markovnikov (M) y anti- Markovnikov (AM) para la reaccibn de HCl y 2-metil-2-
buteno(3).

Especies Centro (k) Ask fi° As 8 Af x
TS3 (M) CM® 719168 4.7905 -6.7073
CA®) 8.8976 4.0463 4.8513
TS3(AM) CM®) 7.1471 3.6378 3.5093
CA®R) -1.1437 3.2221 -4.3658

(a) desactivacién electrofilica (b) activacién nucleofflica.

Tabla 2.5a. Reactividad local estética para Ia adici6n electrofilica y nucleofilica a los centros
Markovnikov (CM) y Anti Markovnikov (CA) enla reaccién de HCl y vinil benceno 4.

Especies S, ua Centro (k) fi fic*
GS4 10.576 CM 0.2834 0.2714
CA 0.1135 0.1362
' TS4 (M) 26.140 CM 0.0658 0.0380
‘ CA 0.0165 0.3957
TS4 (AM) 15.464 CM 0.0316 0.6165
CA 0.1052 0.0789

Tabla 2.5b. Contribuciones globales y locales a la activacién (desactivacién de sitios) en los
centros Markovnikov (M) y anti- Markovnikov (AM) para la reaccién de HCl y vinil benceno
@

Especies Centro (k) Asxk fio As S"Af
TS4 (M) CM@) -1.277 44111 -5.6879

CA®) 8.903 2.1196 6.7831

TS4 (AM) CM®) 6.663 13267 5.3361
CA® 0.426 0.5550 -0.1294

(a) desactivacién electrofilica (b) activacién nucleofilica,
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Tabla 2.6a. Reactividad local esttica para la adicién electrofilica y nucleofflica a los centros
Markovnikov (CM) y Anti Markovnikov (CA) en la reaccién de HCl e isopropenil benceno (5).

Especies s, ua Centro (k) fi- fit
GS5 10.032 M 0.2995 0.2353
CA 0.1276 0.1220
TS5 (M) 26.922 CM 0.0463 0.0300
CA 0.0129 0.4197
TS5 (AM) 14.660 M 0.0302 0.5893
CA 0.1060 0.0874

Tabla 2.6b. Contribuciones globales y locales a la activacién (desactivacion de sitios) en los centros
Markovnikov (M) y anti- Markovnikov (AM) para Ia reaccién de HCl e isopropenil benceno (5).

Especies Centro (k) Asg fio As s*Af i
TS5 (M) CM@) -1.758 5.0576 -6.8152

. CA®) 10.076 2.0604 8.0157
TS5 (AM) CM®) 6.278 1.0889 5.1887
CA® 0.274 0.5906 -0.3166

{(a) desactivacién electrofilica (b) activacién nucleofilica.

Tabla 2.7a. Reactividad local estitica para la adicién electrofilica y nucleofilica a los centros
Markovnikov (CM) y anti Markovnikov (CA) en la reaccién de HCI y cis-2-butenonitrilo (6).

Especies s, ua Centro (k) fi- fi*
GS6 8.768 M 0.3188 0.2443
CA 0.3075 0.4444
T56 (M) 15.849 CM 0.1538 (0.0538
CA 0.0236 0.6311
TS6 (AM) 22.316 M 0.0304 0.4518
CA 0.1118 0.0620
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Tabla 2.7b. Contribuciones globales y locales a la activacitn (desactivacién de sitios) en los ceniros
Markovnikov (M) y anti- Markovnikov (AM) para la reaccién de HCI y cis-2-butenonitrilo (6).

Especies Centro (k) Asy fi° As S57Af «
TS6 (M) CM® 20357 22573 26139

CA®) 6.107 3.1467 2.9604

TS6 (AM) CMB) 7.940 3.3106 4.6293
CA® -0.201 4.1659 -4.3669

(a) desactivaci6n electrofilica (b) activacién nucleofilica,

En el compuesto [6] el cambio de regioselectividad es otra vez una consecuencia
del efecto electrénico conjugado de los sustituyentes CN y CHa. El patrén de
reactividad observado se muestra entonces similar al del etileno {1]. Con el fin
de poder establecer comparaciones efectivas entre los diferentes alquenos, se
hace necesario renormalizar los valores de las funciones de Fukui, dado que las
distintas distribuciones normalizan a Ia unidad en sistemas que difieren en su
niimero de centros.! Obteniendo valores relativos para los centros de interés se
predice que el orden de reactividad hacia el ataque del elecirofilo es cis- 2-
butenonitrilo (CM, 51%) < propeno » 2-metil-2-buteno (CM, 55%) < isopropenil
benceno ~ vinil benceno (CM, 71%). El ataque del Cl- al otro centro se predice
en correcto orden cuando se toman como referencia los valores de f]: en los
estados de transicién correspondientes (donde el centro Markonikov ya se

encuentra ocupado). La activacién nucleofilica puede entonces evaluarse

satisfactoriamente a partir del modelo condensado derivado de Ia Ec. (36) como

! Una forma simple de hacer esto para los centros Markovnikov (CM) y antimarkonikov (CA} es calcular los pesos
relativos, esto es, la Fukui relativa para el centro X seré £ =[He/{fomtfea)], X=CM, CA.
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se aprecia en las Tablas 2.2b-2.5b. Dicha activacién comprende efectos tanto
globales como locales que dirigen en mayor o menor grado los cambios de la
blandura local observada a 1o largo de la serie [2]-[6]. Obsérvese por ejemplo,
que mientras en propeno y 2-metil-2-buteno existe una importante contribucién
global y local, en vinil benceno e isopropenil benceno los cambios locales en la
funcién de Fukui son los mas relevantes. Ademds, el sitio de ataque nucleofilico
se activa correctamente en todos los casos, mientras que el electréfilico muestra

explicitamente la disminucién en los valores de blandura local.,

Los cambios en las reactividades relativas de los centros Markonikov y anti
Marl;onikov para las dos trayectorias de reaccién pueden ast explicarse en
tér;(rlinos de las variaciones de Ia blandura local sk en virtud de un modelo
condensado bastante simple derivado de la Ec. (36). Los anteriores resultados,
muestran que ambas etapas de la adicién de HCI al doble enlace pueden ser
consistentemente explicadas en un contexto de activacién de sitios que
generaliza las reglas de selectividad basadas solamente en variaciones de la
funcién de Fukui® Los resultados de este modelo, atin basado en primeras
aproximaciones de la Ec. (12), resultan bastante interesantes en la construccién
de una teorfa formal de reactividad qufmica no local en el marco de Ja teorfa de

funcionales de la densidad.?*
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La implementacién computacional de las respuestas generales introducidas aquf
constituyen un punto abjerto a mayor investigacién. El establecimiento de
modelos aproximados para la representacién de las derivadas de orden superior
con respecto al nimero de electrones abre un interesante tema para futuros
trabajos. La jerarquia de relaciones generales e indices introducidos en este
Capitulo constituyen por consigfﬁente un marco general y un referente de

partida para tales nuevos desarrollos.
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site chemical reactivity formalism of density functional theory”, E.

Chamorro*, R. Contreras, P.hFuentealba, J. Chem. Phys. 113, 10861 (2000).

252 Copia de manuscrito en preparacion para ], Phys. Chem. A.
“Markovnikov regioselectivity rule in the light of the generalized
HSAB principle”, A. Aizman, R. Contreras*, M. Galvén, A. Cedillo, E.

Chamorro, J. C. Santos.
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General and exact relationships within the nonlocal (pair-site) reactivity context are explicitly
derived in the [ramework of density functional theory. The equations are expressed in terms of
linear response functions and associated kernels of the Fukui function and its derivatives with
respect 1o the electron number at constant external potential. It is shown that under a local
approximation for the general nonlocal pair-site kernels, the nonlocality character of the chemical
response must appear only implicitly through the changes in the chemical potential of the system.
In the framework of a more general nonlocal reactivity theory, new relations can be written through
the incorporation of more spatial coordinates. The case of a three-site equation between Fukui
functions. has been explored. © 2000 American Institute of Physics. [50021-9606(00)30648-1]

L. INTRODUCTION

Density functional theory (DFT) has became a powerfil
framework for the development of chemical reactivity
theory.! Global, local, and nonlocal hierarchies of quantities
have been introduced in the theory based on Taylor expan-
sions of the energy functionals in the context of the four
Legendre transformed ensembles of DFT.25 These global,
local, and nonlocal descriptors have been associated with
important concepis and definitions of chemical reactivity
theory.! .

The chemical potential 2,%7 defined in terms of the first
derivative of the electronic energy with respect to the elec-
tron number at constant external potential, is

_|eE
ov(r}
The chemical hardness 7 defined as the first derivative of

the chemical potential with respect to the electron number at
constant external potential,

3,
n=[£ : @

and the chemical sofiness §,” which is simply defined as the
inverse of chemical hardness,

S_[ aN )
tlyy

are examples of global descriptors which in conjunction with
the maximum hardness principle (MHP},'°~'2 and the hard—
soft acid-basic principle (ISAB)'*'* have been found very
useful and complementary for the thermodynamic descrip-

“Elcotronic mail: echamors@eiencias.uchile.cl

0021-9606/2000/113(24)/10861/6/317.00 10861

tion of chemical reactivity through a potential energy
surface, 1518

Local descriptors of DFT can be considered itself as lo-
cal responses to global perturbations on the electronic sys-
tem, and therefore they have been related with the chemical
concept of selectivity in many chemical processes,'®2
Among such local indexes are the electron density itself
p(r}, written as the first derivative of the electronic energy
with respect to the external potential at- constant particle
number,

_[ SE
plry= 0 " (4)

the Fukui function, f(r),® which can be defined in terms of
the first derivative of the electron density with respect to the
eleciron number at constant external potential,

dp(r,
f(r.)={ i 5)

v(r)

and the local sofiness s(r),’ defined as the first derivative of
electron density with respect to the chemical potential at con-
stant external potential,

op(r.
s(r.)=[ ’;fu) : (6)
v(ir)

It is interesting to note that in the ensemble formulation of
DFT the expectation value of the total electron number N can
be used as a continuous variable. However discontinuities at
integral values of N arise and the derivatives can be taken
from the lower and the upper limits to the integer value.!
Therefore, pairs of quantities being defined in terms of de-
rivatives with respect to N can be written with different
chemical implications.! This fact will be implicitly assumed
through the present formulation.

The nonlocal aspects of chemical reactivity have been
comparatively less developed. These kernel quantities in-
volve more than one spatial coordinate in their definition and

® 2000 American Institute of Physics
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they can be therefore related with the site activation concepts
of chemical reactivity theory.?* Senet? has explicitly derived
the exact functional relations between the nonlocal density
response functions y,(r,r;,”2,...r,) and the ground state
density p(z), for an arbitrary perturbation order in terms of
the universal Hohenberg—Kohn functional F{p(z}]. It is
based on the series expansion of the Euler—Lagrange equa-
tion of the DFT,

ad

p=v(r}t+ m, 4]

which provide us with a set of density functional perturba-
tion equations similar to the equations of the conventional
perturbation theory. An exact Kohn—Sham (KS) formulation
of such responses has been also reported.?® Electronic and
nuclear®®™? reactivity local indexes and nonlocal kernel re-
sponses have also been defined in terms of the KS potential
response function.?? Some of the third-order response func-
tions have been explicitly calculated >**!

It is clear that a complete representation of the total
chemical response using a perturbation theory will introduce
response functions and kemels of higher order. These in
turns will involve more spatial coordinates which are rel-
evant in the treatment of a generalized chemical reactivity
and chemical stimuli, In this work, we have focused directly
on the nonlocal (pair—site} response functions and kemnels.
They are important because they can be related with local
chemical responses to z local chemical stimuli or perturba-
tion which can be, for instance, a change of substituent or
even a local solvent effect.

Recently, Tapia ef al.2 have shown that a formulation of
a nonlocal chemical reactivity theory based on the first-order
static density response function y;(r,r;), as proposed by
Berkowitz and Parr (BP),’? can be formulated. They also
have indicated that under a local approximation on the soft-
ness kemel s(r,ry), one obtaing a simple and direct expres-
sion for the change of the electron density dp(z)} in terms of
the variation of an effective potential,

dp(r}=—s(r)dv(r}—dul, ®

where the local softness s(r) appears as the proportionality
constant. It should be noted that due to the strong local ap-
proximation made on the sofiness kernel, the nonlocality
character of the response will appear only implicitly through
the changes in the electronic chemical potential term dge.
The nonlocal aspects were associated indirectly with inter-
molecular charge transfer between the active sites of sub-
strate promoted by the presence of the reagents, It has been
shown that solvation energies of atoms and molecules can be
calculated using Eq. (8).3* A further development was incor-
porated into this formulation® through the consideration of a
static response function for the Fukui function as it has been
defined by Fuentealba and Parr (FP 3% The changes in the
Fukui function have been expressed in terms of variations of
the external potential and the chemical potential,

Sf(r)=A(r)Su (e}~ HeMdp, ©)

with the definition of the new reactivity indexes,
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as
A(r)= j(r.)[wl (10)
vir)
and
1(;-.)2{6;5;') , an
v{r}

which introduces the variations of global and local sofiness
into the formulation. The nonlocal character of the chemical
responses appears only implicitly through the changes in the
chemical potential, which is also related with the intermo-
lecular charge transfer along the reaction path.34 This aspect
of the nonlocality of pair—site chemical responses under a
local approximation to the kernels is a completely general
result as will be shown ir this work.

As a complement and extension to the ideas reported
previously,”*** in this work we have generalized these re-
sults to any order derivative of the electron density with re-
spect to the electron number at constant external potential,
with the aim io get more insights on exterded and exact
relations between the nonlocal quantities. Indeed a local ap-
proximation to the kernels allows us to derive new and exact
relationships between the nonlocal pair—site chemical de-
scriptors.

. THEORY
A. Pair—-site nonlocal reactivity responses

Berkowitz and Parr have shown®? that the linear re-
sponse function of the electron density x,(r,xy), can be re-
lated to the' Fukui function, f{ry), through the following re-
lation:

xi{nr)=—s(rry) +s(r)f(ry). (12

In this equation, the lincar response function is defined as the
functional derivative of the electron density at site r..with
respect to the variation in the external potential v{r} at an-
other site »y. at constant N,

_{ dp(r)
xi(nn)= Foted)|
TN

(13)

This quantity is a nonlocal pair—site symmetrical kernel, i.e.,
xi(r.r)=x1(ts,r), and involves the softness kernel
s(r,ry), which is defined in terms of a generalized effective
potential u(z)=uv(r)— u,

8 .
—5(r,xy) E[#(:)_].

The local softness function, 5(z), is given by the intcgration

of the softness kemel and it has been found to be related with
the Fukui function, f(zr), through the global softness, S,

(14

(15}

It is important to note that Eq. (12) was obtained from a
first-order approximation to the functionals p= p[N,v(r)]
and p[u(r}]. This result has been also obtained from the
formal solution to 2 linear perturbation equation.”*

s(r)= J‘ s(r,ry)dey=Sf(r).
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Fuentealba and Parr™® have also shown that a similar
relation can be obtained in the same way for the Fukui func-
tiont response,
1

FOer) = —F ) + 0 el (xy), (16)

where f("(r,z,) and F(¥(e,r,) are the linear nonlocal pair—
site response function for the Fukui fimction and its associ-
ated kernel, respectively,

Sf(r)
f(l)(rﬂrl)ﬁ[aﬁ:}) » (17)
il
Sf(r,
—F(r r)= &ﬂ(:])) (18)

and the function Q'")(r} is defined as the integral of the

Fukui kernel, which is found to be related to the first deriva-"

tive of the Fukui function with respect to the electron num-
ber at constant external potential,

oW r)m= f Fm{r.,r.l.)dr.l.=S[f£-g;—.). . (19)

v{r}
It must be noted however that it is not clear whether the
kernel F\"(r,r;) is symmeiric or not, and that the sufficient
normalization conditions " (r,r,)dr=0 is satisfied.

A direct generalization of these derivations to any order
in the derivative of the electron density with respect to the
electron number at constant external potential can be then
written, Let us dofine the following quantity for n=1:

n
f‘"’(r-)a[l-(?’ : (20)
oN v(r}
It is clear from this notation that the Fukui function, defined
by Eq. (5), will be written sittnply as Nz}, f*)(r) will be
a functional of [N,v(z}] and it will also be a functional of
[u(r)]. Then upon the introduction of definitions in Egs.
(21)-(23),

Q"N )= f Fl) (e r)dr,., (21)
; S ry
f ’(r,r-l.)—[ SoGe) 1, (22)
8 (r.
-—F(”)(fsf-l-)E[%J, 23
and following BP,*? one obtains that
S rsrg) = —FNepr) + ) N2y, (24)
and
O"M(r)=S7 (), (25)

for the Iocal and nonlocal pair—site response functions and
kernels, respectively.

Equation (24) is a new exact relationship between the
nonlocal pair—site response function f1™(r,r,) and its asso-
cialed kemel FU"X(r,r,). This result is a general relation
valid for any order derivative of the electron density with
respect to the electron number at constant external potential.
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We can immediately note from the last definitions in
Eqgs. (22) and (23) that {it must be noted that the nonlocal
pair-site f1"(r,r;) functions correspond, in the hierarchy of
nonlinear chemical responses introduced by Senet,?® to the

X" (£,1y) quantities]

a" JEy
_f(")(l‘al‘-r)=['%')‘

, (26)
uvir}

but, since dp(r} is not an exact differential in terms of u(r)
and N,

3s(r,ry)

F(")(r.,.r.l.) #{ .

v(r}
Therefore, by applying the operator [#"18N" )y, over Eq.
{12) and using Eq. (24), we can write directly a new exact
nonlocal pair-site relationship,

"s(r,ry) a"
—[W" u(.-.)+ N [Sf(”(r-)-f{”("-l-)]u(h)

= —F e, ry) + 570 Dy (r,). (28)

H must also be noted that f"* () can be written in terms
of the #(r) local index defined in Eq. (11),

&[S il
j{"“’(r.).= E_[_g:}]u(h)=k=n (:) 17("'“_!‘):“")(2’.).,
(29)

which introduces higher order variations of the local sofiness
and of the global hardness with respect to the electron num-
ber at constant exiernal potential,

as(r)
L
N |

6(H'Pl—k) (30)

CER B Y (A
aN(H'{' 1-4) >
. v(r}

3

where £%(r) stands simply by s(r} defined in Eq. (6), and
71 is the global hardness defined in Eq. (2).
‘The case n=1 reduces to the FP Eq, (16), and leads to

Is(r,ry)
N

==fOeNey), @D
v{r}
which establishes an interesting constraint to any model of
the Fukui function kernel, F(!)(r,r,), in relation with the
softness kernel, s(r.,rx,).

For #=2 one obtains

623(1',:.[.)}
il w4
aN’ o)

-

F®)rr,) "‘[

=7 = 7 s (rds(e) ] +[3 5 - 29]
XL (r) 1+H3 72 = g (B (r)s (r,)]
= gls (et ey —s(r)t(ry)]
= 29Lt(0)e(r1)] -2 7 P s (r)1(r)], (32)
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which is a usefiil relation between global, local, and nonlocal
quantities, These relationships are of 2 complementary value
for the complete description of nonlocal (pair-site) reactivity
descriptors 23

‘We can also complete and extend the main result of Eq.
(28) by noting that the general pair—site response function
F®N(z,ry), and its associated kemel F(")(r,r), can be
written in terms of the following new local and norlocal
descriptors:

57 ®

I8 )= [E:—}(?r_l)] ’ )
B

ﬂ*’(r,fi-)=[f;T$ ’ K

and

S R(r;

,(k)(r,r-r)=[W::?} ’ ,

ol N

on the basis of the existence of the higher order derivatives
that are implied in these equations. Therefore they simply
constitute definitions for a generalized local hardness func-
tion, the pair--site kemel, and the nonlocal response function
associated, respectively, with the hiererachies of the #(z) in-
dices defined in Eq. (30). Thus, we can also write that

n—1 -1
Fley=3 (") )[;‘"""(r.k)r(*’(r.l

B A A CE ) A (36)

and

n-—-1 -1
FALCEREDA (" A )Lf‘"‘“”(r.l.)r‘“(r;

+ 7" DBz, ry)], (37
where the Maxwell relationship

[ 3.,7(k)
Su(ry) N

=" (e,

has been used.

1t is clear that for cases with =2 we will get more and
more complex expressions which involve an increasing order
of the derivative of global and local indexes with respect to
the electron number at constant external potential. A direct
application of these relations is the evaluation of some mod-
els of nonlocal reactivity under a local external perturbation
using different approximations to the local indices. An or-
bital approximation®® or the local model®® to the local in-
dexes might be interesting cases in this direction.

B. Local approximation to the response kernels

In this section we will show that the nonlocal pair—site
character of the response must be implicitly defined in terms
of changes in the chemical potential under a Jocal approxi-
mation to the response kernels.

Chamorro, Contraras, Fuentealba

Realizing that f(z) defined in Eq. (20} can be ex-
pressed as a fonctional of [N,v(r)], we can write at first
order that

df™ (r)= " N (e)dN + J S (r,ry)dv(ry)dry.  (38)

The nonlocal pair—site Fukui response functios, AU CEND
can be calculated through Eq. (24) which can be greatly sim-
plified by a local approximation to the kemel F)rr,).
This can be done as usual by using the Dirac delta function,

Frr) =B (e 8(r=ry), (39)

where B™(r) is a function which does not break the nor-
malization condition,

f 8" (r)dr=0; (40)
then we wiil have from Eq. (38) that
df(r)=—B™(r)sv(r)+ QM(x)dp, @1

where the known relation from the ensemble [ z,v(r)1,%

J’ S ov (e )dry=dp—n4dN, (42)

and Eq. (25) have been used.

Equation (41) represents a general resuft under the local
approximation and generalizes previous derivations involv-
ing the electron density* and the Fukui response’® functions.
The contribution of the variations in the electron number dN,
always cancel out under the local approximation due the re-
sult in Eq. (25). Thus, the nonlocality is shown self-
contained in the changes of the generalized potential but
pondered by the local functions 0%)(r) and B")(r).

O"X(r) can be obtained from Egs. (25) and (29).
B'™(r) can be modeled to obey the normalization condition
of Eq. (40) as it has been shown for the case of the Fukui
response function.**

The nonlocal chemical effects studied by particular ap-
plications of Eq. (38) to the cyanide ion® and to enolate ion
in gas and solution pha.-z.c:s:M represent only the cases n=0
and n=1 in the present formmlation. The extensions to
higher orders are direct from the above equations.

1ll. NONLOCAL STIMULI

It has been pointed out by Cohen er al® that a charac-
terization of the chemical stimuli which produces the chemi-
cal responses has not been completely done. In this short
section we will show that any other spatial coordinate, which
is expressed in terms of the changes on the external potential,
can be also incorporated directly by the presented equations.
As a further step, we derive now a relation that involves
another spatial coordinate in the general formulation of the
nonlocal chemical reactivity theory.

We can see from the previous section that the BP, Eq.
{12), and the FP, Eq. (16), are the first relations in the hier-
archies defined by the more general relation given in Eqgs.
(24)—(25). These relations can be used for a further descrip-
tion of the local response to a nonlocal perturbation on the
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chemical system. Let us first write the finctional derivative

of Eq. (24) with respect to the variation of the exiernal po-

tential in another site at constant N. That is,

SFimy rry)
du(ra)

[ 50(:'9) N

N

hY

s
HETEI)
(43)

where Eq. (25) has been used.
But also, we can write the functional derivatives of the
response functions and the nonlocal ketnel as

F 3ﬂ")(r.,r.l.) =[6"X2(l‘,-:1-,¢’9)] ) (44).-.
o (l' g-) N N’ u(r)
and
r SF(")(I‘-,I-}-) =[6”Sz(rsr-t--r‘2)] , (45)
(s |, N |,
where the three-site reactivity kernel is simply
s _ JS(I LLs 'l') 46)
2(raryarp)= Su(ry) ¥ (

and y,(r.r.,rp) is the conventional second-order perturba-
tion response function,

_ Sx2(r.ry)
Xl(rer-l-irﬁ)_ W .

Then using Eqs: (12) and (43) we can wrile that

a a5
33 o] /e e S Ve

@“n

+Sf{”("-)§{l)(r-}'ar‘2)]

x[av(:re) Nf{ ")+ SET N r) 1 2y)

+SFNRETH ey rp), {48)

which is an exact relation that must be satisfied for any
model of a nonlocal chemical reactivity theory.

The partial derivative of global sofiness with respect to
external potential at constant particle number in Eq. (48) can
be writen in terms of the Fukui function,

as
[av(l‘e) N= _Szfu}(r‘z), (49)
and
(")(rr ) [ Xl(rs'rl)} (50)

These relations are important for the characterization of the
chemical stimuli®® in the context of a nonlocal reactivity
theory. Equation (49) can be easy verified via the chain-tule

+
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transformations and it has been used previously’! in the
study of variations of the hardness and the KS Fukui func-
tion under an external potential.

The high-order derivatives (greater than second order)
and three-site quantities are important within a perturbative
regime of a theory of chemical reactivity. These quantities
and relationships must be therefore useful in the description
of response properties such as nonstatic (quasidynamic)
physics changes as a result of chemical interactions.??-234
Some interesting relationships between nonlocal, local, and
global reactivity indices have been introduced in this work
within nonlocal (exact) and local (approximate) approach,
summarizing and extending several relevant ideas in the
theory of chemical reactivity.

V. CONCLUSIONS

For any order derivative of the eleciton density with re-
spect to the electron number p")(r)=[ §"p(r)/ SN" ],,(,.},
general relation between nonlocal pair-site reactivity in-
dexes has been derived [Eq. (24)]. The equation is the gen-
eralization, yet under a limited nontocal pair—site reactivity
scheme, of the known relationship between the lincar re-
sponse function y(r,r,) and the Fukui function f(r), re-
ported previously by Berkowitz and Parr.? The general and
exact relationship of Eq. (28), which introduces new global,
local, and nonlocal indexes in the formulation, complements
and expands previous results?®** on the nonlocal pair—site
reactivity theory in the framework of DFT.

It has been also shown that a local approximation to the
nth order nonlocal pair-site reactivity kemel F("(r.r,)
leads to the general Eq. (41) in which varistions of
Bf")(r) can be expressed in 1erms of variations of the exier-
nal potential and chemical potential. This equation shows
that under the local restricled scheme, nonlocality must ap-
pear implicitly as a response of the generalized potential
changes expressed implicitly through the changes in chemi-
cal potential. The changes in the electron number cancel out
in a natural way from the total contribution. This fact has
been previously explored in conection with some chemical
applications. 234

Another new important relation, Eq. (48), was derived
between the local reactivity indexes. It introduces another
spatial coordinate in the framework of a more general non-
local reactivity theory. These relations are imporiant for the
characterization of the chemical stimuli in the context of a
complete nonlocal reactivity theory.
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Abstract.

The electrophilic addition of HC] to a series of asymmetric alkenes is used as a model systein to show that the
regioselectivity Markovnikov rule may be interpreted on the basis of a generalized hard and soft acids and bases HsAB)
principle that goes beyond the Li-Evans model of selectivity if both, the fluctuations in global softness and Fukui
functions at the active site are taken into account. A Iocal static analysis based on the condensed Fukui function at the
ground state of alkenes was also performed. For all the systems considered, the Markovnikov carbon (M) atom (i.e. the
less substituted one) displays electrophilic Fukui function values that are higher than those associated to the more
substituted anti-Markovnikov (AM) carbon atom at the double bond, They are also higher than the corresponding

nucleophilic Fukui function values at both carbon centers of

the ethylenic functionality. These results suggest that the

addition of the electrophile (H') takes place prior to the attack of the nucleophile (CT). Site activation at the nucleophilic
and electrophilic centers of the alkenes considered was probed by changes in regional softness with reference to the
transition state structures, The results are consistent with a generalized HSAB rule, Density fimctional theory calculations
at the B3LYP/6-311G** level have been performed to establish relative and activation energies between the different
stationary points in the polential energy surfaces for each reaction, including the primary, secondary and tertiary
carbocation intermediates and transition state structures. A global analysis shows that while the ground state and
transition state structures involved in the electrophilic addition of HCI to ethylene, propene, 2-methyl-2-butene, vinyi-
benzene, isopropenil-benzene and But-2-enenitrile, display energy and molecular hardness values that are ordered ina

way consistent with the maximum hardness principle (MHP),
structures do not: the Markovnikov channel present a transitio
corresponding fo the anti Markovnikov addition, in agreement wi

1. Introduction.

The chemistry of alkenes may be
completely understood by looking at the
characteristic double bond between two carbon
atoms. This is a good example that illustrate the
usefulness of the concept of functional groups in
molecules: because the o-bonding molecular
orbitals involved in simple bonds are in general
more stable than those having = symmetry
involved in double bonds, it is naturally expected

that reactions at the double bond will lead to the

formation of saturated compounds [1]. This is the
usual reactivity patiern displayed by alkenes in
addition reactions [1,2]. In these chemical
processes, (wo groups are selectively added to
each carbon atom participating in the double bond
of alkenes. A wide variety of reactions that
include hydrogen halogenides, water, halogens,

the Markovnikov and anti Markovnikov transition state

slate which is lower in energy and softer than the one

th & model recently presented by Chandra and Uchimaru.

oxidants and other alkenes as reagents have been
obsetved [1,2]. In electrophilic addition reactions,
the reagent presents the general form of an
(electrophilic, necleophilic) E*:Nu" pair, where E*
and Nu represents the electrophilic and
mucleophilic  moieties of the substrate,
respectively. Whether the electrophile E* adds to
the carbon C! or C2, or the nucleophile Nu
attacks the C1 or C2 centers, defines what is
known as the regioselectivity or orientation of the
addition reaction [1,2]. The regioselectivity of the
addition reaction depends upon the substituent
that the centers C1 and C2 may bear. This
selectivity towards electrophilic addition has been
proposed to follow the well-known empirical
Markovnikov nule [3]. The original statement of
this rule is as follows: The addition of an acidic
proton to a double bond of an alkene, yields a
product where the proton is bound to the carbon




atom bearing the largest number of hydrogen
atoms .

The generalized version of this rule may be stated
as follows: in an electrophilic addition reaction to
alkenes, the electrophile adds in a form that leads
to the formation of the most stable carbocation
[1,2]. Stated in any of the two forms, this
empirical rule is essentially a selectivity rule.
Selectivity towards electrophilic and nucleophilic
reactions may be conveniently described in terms
of regional reactivity indexes [4-6]. Selectivity
has been recently explained within a generalized

hard and soft acid and bases (HSAB) principle, by ..

1i and Evans [7,8], that only takes into account
the variations in the regional Fukui functions.
This generalized HSAB rule has also been used to
justify the empirical energy-density refationships
condensed in the Hammett equation for some gas
phase acid base equilibria [9]

In this work, we intend to show that the
Markovnikov rule may be also interpreted within
a generalized HSAB model, having the regional
Fukui function and regional sofiness as the natural
descriptors of selectivity, This new approach may
be understood as an extension of the Li-Evans
rules, in the sense that the variations in global
softness with reference {o the transition state
(activationi sofiness) are incorporated.. In order {o
test this hypothesis, high level density functional
theory (DFT) calculations have been performed
on the addition of HCI to ethylene, propene, 2-
methyl-2-butene, vinyl-benzene, isopropenil-
benzene and But-2-enenitrile (see Scheme 2), The
former case is included as a reference system to
assess the substituent effects of the methyl groups
in the carbocalion intermediate stability. For
instance, in the case of propenc two ionic
intermediates are feasible namcly, a primary (anti-
Markovnikov) and a secondary (Markovnikov)
carbocation, whereas in the remaining cases,
there is the possibilily of forming a secondary
(anti-Markovnikov) and a tertiary (Markovnikov)
catbocation intermediates. Regional quantities at
the transition state (TS) structure are incorporated
to assess site activation within a simple model

based on the variations of regional sofiness, that

include both, the changes in global softness and
the changes in the regional electrophilic and
nucleophilic Fukui functions at the active sites of
the atkenes.

The article is organized as follows: in
Section 2 we present a brief summary containing
the definition of the basic quantities needed to

perform the global and local analysis within the
frame of a generalized HSAB rule. Section 3
sunumnarizes the computational details. Section 4
contains the main resvits of the present study, and
a general discussion gathering the results obtained
in the different test cases around a common
moedel, namely the HSAB interpretation of the
Markovnikov rule. Section 5 summarizes the main
conclusions of {he present study.

2. Reactivity indexes and principles

Density functional theory (DFT) has provided
modern chemistry with a complete hierarchy of
global, local and non-local quantities [10]. Global
quantities such as the electronic chemical
poterdial (i), chemical hardness () and global
sofiness (S) have proven o be uselul tools to
analyze chemical reactivity and stability patterns
of molecules. For instance, the electronic
chemical potential (the  mnegative of
electronegativity) has been successfully used to
discuss charge transfer processes during a
chemical reaction [11-13]. 1f has been given the
following operative definition in terms of the
vertical jonization potential I and electron affinity
A p =-(+A)/2; or interms of the one electron

energy levels of the frontier molecular orbitals
HOMO and LUMOQ, namely

ns (ahomo + alumo)l z

Cheinical hardness and softness on the other hand
permit to establish semi quantitative criteria on
the stability of molecnlar systems on one hand,
through the maximum hardress principle (MHP)
[14,15], and also on the thermodynamic affinity of
two interacting molecules, through the hard and
soft acids and bases (HSAB) principle [16,17].
Chemical hardness has also been approached
within a finite dilference formula as
n=(I-AYy2= (Slumo -Bpomo 2
softness is simply the inverse of chemical
hardness, namely S = 1/%. Furthermore, chemical
softness has been recently related to the molecular
dipole polarizability [18,19], so that a new
empirical rule, namely the minimum polarizability
principle (MMP) has been proposed to
complement the MHP to discuss relative stability
of molecular species [20,21].

Chemical

Local quantities on the other hand have been
related to selectivity [22-24]. They are expressed




in general as derivatives of the electron density
with respect to the number of electrons N, at
constant external potential (Fukui function), or
derivatives of electron density with respect to the
chemical potential, at constant external potential
(local softness). The electronic Fukui function f{r)
is defined as [10],

59(!')]
oN v(r) )

) = [

This local reactivity index has proven to be a
powerful tool 1o describe seleclivity in
polyfunctional systems [22-24]. The semi local
(regional) formulation of this reactivity index
permits the anmalysis of chemical reactivity
associated with atoms or groups in a molecule.
‘The regional or condensed to atoms Fukui
functions have been evaluated by means of a finite
difference approach involving atomic charges
[25,26], or more simply, by approximating the f{r)
function as the electron density of the frontier
molecular orbital involved in the reaction [27-30].
Condensed to atom or group Fukui functions for

nucleophilic ( f]:' ), electrophilic ( f I; ) and

radical ( fg ) attacks may be obtained in terms of

the frontier molccular orbital coefficients and the
overlap matrix, by a simple method described

clsewhere [29]. Regional softness s;, SI: and

SZ , for mucleophilic, electrophilic and radical

attacks respectively, may be readily obtained from
the exact relationship [10]:

(5) = [a%@] - (s @
# lo(r)

in terms of the Fukui function and the global

softness. From definition (2), site activation

(deactivation) may be conveniently described in

terms of variations in local softness as;

ds(r) = Kr)dS + Sdf(r) (3)

It is interesting to mote that Eq (3) may be '

regarded as a generalization of the Li-Evans
reactivity and sclectivity rules [7-8]. These
authors proposed that similarity in chemical
reactivity in a series of relaled molecules are
described by global reactivity indexes that fall in a
very narrow range of variations (AS =0), In such a

case, the natural descriptor of selectivity becomes
the Fukui function scaled by an almost constant
value of S, and therefore site activation may be
described by the variations of the Fukui function
at the active sites of the molecule. This result
seems to be true for a family of related molecules
in their ground state. However, applied to a
chemical reaction, if activation is correctly
referred to the transition state of the reaction, one
should expect from the maximum hardness
principle, the global softness value at the reactant
ground state to be very diflerent to the one
displayed by the system at the transition state
structure. In such a case, the Li-Evans selectivity
rule is expected to markedly fail, because the
reactivity prerequisite (i.e. similarity in the global
reactivity indexes) is not longer valid, and Eq (3)
must be used instead.

Finite changes in the regional or condensed to
atom with reference to the tranmsition state
structure may be approached as

Asp =s7 - s swiths [ ands?,  the
local softness at site k at the transition and ground
state structures with oo =+, - for nucleophilic and
clectrophilic attacks, respectively. Site activation (

Asf:t >0 ) or deactivation ( Asg <0 ) may be
further cast into a partitioned form by adding and

subtracting the quantity s* fl? to the expression

Ask 23; - Sjg to get:

asy =S Ay + £2° a8 @)
with
o
24 = _k
Vi - [ N }UAN (sa)
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Therefore, while the first term of Eq (4) assesses
the local activation at the site, described by the

{erm Afka , the second contribution takes into

account the global activation of the whole system
from the reactant ground state to the transition




state structure. We will show below, that our
working Equation (4) becomes a central
relationship to discuss the repioselectivity
Markovnikov rule within a generalized HSAB
principle.

3. Computational details

In order to validate the methodology used
to discuss the relative stability of primary,
secondary and tertiary carbocations, we first

evaluated the proton affinity values of the |

different asymmetric alkenes with reference to the
ethylene molecule, using the B3LYP/6-311G**
level of theory, as implemented in the
GAUSSIAN94 package of programs [31].
Absolute proton affinity values were evaluated as
the difference in total energy between the neutral
an protonated species. No attempts to reach
chemical accuracy were made, as the focus of this
analysis was mainly put on the PA differences.
Electronic chemical potential and  chemical
hardness and sofiness were evaluated using Eqs
(1) and (2). Electrophilic and nucleophilic Fukui
functions were evaluated by a procedure that
petforms a single point calculation on the
optimized structure of the asymmetric alkenes,
and evaluates the regional Fukui functions in
terms of the coefficient of the frontier MO’s and
the overlap matrix [29] . With the valves of
regional Fukui functions at hand, the
corresponding regional sofiness was readily
obtained via Eq (4). Site activation as described
by the variations in local sofiness at the site was
evaluated using Eq (8). The transition state
structures associated to the Markovnikov and anti
Markovnikov channels for the -electrophilic
additions of HCI to compounds 2 — 6 were located
at the BILYP/6-311G** level. They are available
from the authors upon request,

4. Results and discussion.

4.1 Local reactivity and site activation
analysis

Within the generalized HSAB rule
proposed by Li and Evans [7,8], the electrophilic
and nucleophilic Fukui functions become the
natoral descriptors of selectivity. Tables 3a-7a
summarize the static local reactivity picture
developed around the ground states of the
asymmetric alkenes (GSI1) considered in the

present study. It may be observed that within the
whole series, the Markovnikov carbon (M) atom
systematically shows the highest value in regional
Fukui function for an electrophilic attack by a

proton. Note that in compounds 2-5, fk_ atMis

predicted to be higher than the corresponding anti
Markovnikov (AM) carbon center, and greater

than the corresponding fI:_ for nucleophilic

attack at both the M and AM centers. This results
suggest that the addition of HCI takes place via an
electrophilic attack at the Markovnikov center by
a proton, prior to the nucleophilic attack of Cl- to
the most stable (Markovnikov) carbocation to the
AM center, In compound (6), the opposite effects
of the electron-withdrawing nitrile substituent
and the electron-releasing character of methyl
group leads to thelost of regioselectivity, and a
similar local reactivity patlern to that found in
ethylene is cbserved.

In order 10 make reliable comparisons between the
relative static reactivity along the alkene series, it
is necessary to renormalize the Fukui function
values at the M and AM centers, since the Fukui
function distribution is normalized to 1 in systems
which differ in the number of centers. A simple
way o achieve this is wriling

rel _ f, .
" = %M"'fAM

On the basis of the relative reactivity scale
between the AM and M centers, the predicted
reactivity order for the electrophilic addition of a
proton to the GS1 of the alkenes (2-6) becomes:;
cis- and trans-but-2-ene (M, 51%) < propene =~ 2-
methyl-2-butene (M, 55%) < isopropenyl benzene
= vinyl benzene (M, 71%).

The nucleophilic attack by Cl- a1 the AM center is
assumed to take place on the already protonated
Markovnikov carbon atom. From a static
reactivity picture, the Fukui function at the G51's
of the alkenes shiows comparable values at the M
and AM centers in propene. Note however that in
2-methyl-2-buthene, vinyl benzene and
isopropenil benzene, the static analysis performed
on the basis of the nucleophilic Fukui function

flj shows a higher value at the Markovnikov

center, in contradiction with the empirical
Markovnikov selectivity mile. The correct local
reactivity picture for the nucleophilic attack of Cl-
must be therefore performed with refetence to the
TS structure, where the Markovnikov site is




already bound to the proton. In other words, the
interaction of the proton and the Markovnikov site
is expected to activate the anti-Markovnikov site
towards the nucleophilic attack by Ci- species.
Site nucleophilic activation may be evaluated at
the Markovnikov TS chanmnel using the model
condensed in Eq (8). The results are summarized
in Tables 3b — 7b. It may be observed that the
interaction of the H+ electrophile at the
Markovnikov center significantly enhances the
nucleophilic activity at the AM site, as described
by the variation in local softness at that site. Note
that site activation encompasses both global and

local effects given by the variation in global .

softness and the regional Fukui function for
nucleophilic attacks, respectively.  While in
propene and 2- butene the site activation presents
important contributions from global and local
effects, in vinyl benzene and isopropenil benzene,
the contribution due to the variations in the Fukui
function drives the nucleophilic activation at the
anti Markovnikov carbon atom fowards the
nucleophilic attack of Cl-. Note that within the
whole series, the nucleophilic site activation at the
AM carbon is consistently predicted to be more
significant than that associated to the M site, in
agreement with the observed reactivity pattern, It
is 'also interesting to nofice that upon (he
interaciion with a proton at the transition state, the
electrophilic  site  becomes systematically
deactivated for both, the Markovnikov and anti
Markovnikov channels. The activation pattern
propene < 2-methyl-2-buthene < vinyl benzene <
isopropenil benzene may be traced to the presence
of phenyl group in compounds 4 and 5 that
becomes softer at the transition state than the alkyl
substituted structures. Therefore the nucleophilic
site activation at the transition state associated to
the Markovnikov channel is described as an
enhancement in local softness at the AM site that
favors the softer interaction with the CI
nucleophile, and the Markovnikov regioselectivity
predicted for the second step in the addition
reactions may be again explained within the
generalized HSAB rule. This activation manifests
itself by enhancing the local sofiness at that site,
thereby favoring the interaction with Cl-. Both
steps in the electrophilic addition of HCI, namely

the electrophilic attack of a proton at the'

Markovnikov carbon atom and the nucleophilic
attack of Cl- at the anti Markovnikov center may
be therefore explained within a common
electronic framework: a generalized HSAB rule
that uses the local softness variations as descriptor
of site activation.

4.2 Energy aspects and energy-hardness
relationships

The electrophilic addition of HCI to
alkenes may be regarded either as a two slep
process involving the formation of stable
carbocations intermediates, or by a two step
mechanism involving direct proton transfer from
HCl to the Markovnikov (or anti-Markovnikov)
catbon center, followed by a nucleophilic attack
of CI' towards the carbocation center. We shall
examine both reaction schemes here. The [irst one
assumes that in a first step there is dissociation of
HCI followed by an electrophilic attack by the
proton to the Markovnikov (or anti-Matkovnikov)
carbon center to afford any of the two possible
carbocation intermediates AlkeneH" as follows:

HCIg) - HY(g)+Cl"; AH=PACI) (6a)

and

Alkene(g)+ H™ (g) > AlkeneH" ; AH°= -PA(Alkene) (6b)

Thus, while the dissociation enthalpy for process’
(6) equals the proton affinity (PA) of Cl-; the
formation enthalpy of the carbocation
intermediates becomes the negative of the proton
affinity of the corresponding Alkene. The
enthalpy of. reaction for the formation of the
intermediate may be obtained as a profon transfer
process from HCI to the alkene by adding Eqs
(6a) and (6b). There resnlts:

Alkendlg) + HCHg) — Alkeneli*(g) + CI" 3 AH =5PAL  (7)

thereby showing that the net change for the
formation of the AlkeneH'(g) intermediate
species is just the difference in proton affinity
SPAT=PA(CI") - PA(Alkene) . Using the
recommended value of 336.6 kcal/mol for the PA
of Chloride [32), the predicted enthalpy of
formation of the corresponding carbocation
intermediates AH;; =8 P41 with reference to

the bond dissociation enthalpy of HCI is obtained
(see Table 1 fourth column). On the basis of this
simple calculation, it may be predicted that the
formation of primary, secondary and tertiary
carbocations will be strongly endothermic in the
gas phase. Note however that the formation of the
tertiaty  (Markovnikov)  carbocation  in
isopropenil-benzene (5) becomes significantly
favored with respect to the other members in {he




series. But-2-enenitrile push-pull ethylene (6) on
the other hand, shows the highest SPAI value
within the series. The relative stability of the
different carbocations generated during the
electrophilic addition of HClI may be also
described within a relative scale with reference to
ethylene, A suitable model to establish this
relative scale may be obtained by considering the
following gas phase proton transfer equilibrium:

EthylencH' + Alfene &> Ethylene + AlieneHt; AH® =5PA2  (8)

Where 5PA2 = PA(Ethylene) - PA(Alkene) . This
simple thermodynamic model provides an
estimate of the energy required to form the
intermediate AlkeneH'(g) in the gas phase with
reference to the enthalpy of formation of the
primary carbocation in ethylene. The results are
summarized in Table 1. The following relative
scale is obtained: isopropenil-benzene (5) < vinyl-
benzene (4) < 2-methyl-2-buthene (3) < propene
(2) < Bui-2-enenitrile push-pull ethylene (6).
Note that in agreement with the available
experimental PA's, isopropenil-benzene (5)
becomes the highest stabilized carbocation within
the series as expected, while the push-pull
ethylene (6) becomes slightly destabilized with
respect to ethylene (see Table 1). The
experimental values used for the PA's of the
alkenes were taken from the last compilation on
the gas phase basicity and PA’s for neutral
organic molecules, recently published by Hunter
and Lias [33]. Note, that the predicted relative
stability of the different carbocations expected
during the electrophilic addition of HCI follows
the order Tertiary > Secondary > Primary, in
agreement with the experimental order
relationship obtained from the experimental
values of PA. For instance, in propene there is the
possibility of forming a primary {(anti-
Markovnikov) or a secondary (Markovnikov)
intermediates; whereas the formation of a
secondary  (anti-Markovnikov) or tertiary
(Markovnikov) carbocation intermediates are
expected in 2-methyl-2-butene and the remaining
asymmetric alkenes (4) — (6). It may be scen that
in all the cases considered, the Markovnikov
carbocations are significantly stabilized with
respect to the anti-Markovnikov ones, for all the
systems considered in the present study. The
sccond step within the reaction scheme I, is
simply the attack of the nucleophile CI' at the
opposite carbon in the double bond bearing the
already added H" electrophile.

A second possibility for the gas phase
electrophilic addition of HCI to alkenes, is the
direct interaction of these molecunles, leading to
the formation of a transition stale structure (TS)
Alkene—--H'-—-CI' . The TS formed by the
interaction at the anti- Markovnikov site is
expected to display an activation energy higher
than those corresponding to the Markovnikov site.
Ethylene being a symmetrical system will not
show selectivity, but it is included as a reference
systern to assess the substituent effect on the
activation energies within the series.

In order to test the energy-hardness inverse
relationship dictated by the maximum hardness
principle (MHP), we compare both quantities in
Table 2 for ali the stationary points found in the
potential energy surface for the eclectrophilic
addition in compounds (2} — (6), including the
Markovnikov and anti- Markovnikov transition
state structures. While the MHP is fulfilled for
{he transition state structures with reference to the
ground states of reactants (GS1) and products
(GS2) and between reactants and products, the
energy-hardness MHP relationship between M
and AM transition state structures markedly fails:
for all the systems studied, the chemical hrardness
values at the GSs are less than those
corresponding to both M and AM (ransition
structures, All the reactions being exothermic, the
chemical hardness at the products GS2 aie
consistently lower than that displayed by the
corresponding GS1 at the reactanis. Note
however that, with the only exceplion of But-2-
enenitrile, the M transition state struclutes
displaying lower energies than the corresponding
AM firansition structures systematically show
hardness values than are less than the chemical
hardness values shown by the AM transition
structures, in apparent contradiction with the
MHP rule. It is interesting to notice however, that
this result maitches well the one expected from
chemical intvition: the Markovnikov channels for
the electrophilic addition in asymmetric alkenes
are predicted to be sofler (i.e. more polarizable)
than the transition state struclures associated to
the anti-Markovnikov chamnnels, This result
apparently contradicts the minimum polarizability
principle [20,21]. However the energy hardness
relationship seems to be mostly related to the
symmetry of the reaclion coordinate rather than a
MHP result, as recently shown by Chandra and
Uchimaru {[34]. The addition of HCI to
asymmetric alkenes do display an asymmetric
reaction coordinate which can account for the
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apparent failure of the MHP rule at e transition
state of these reactions.

Concluding remarks

The electrophilic addition of HCI to
propene, 2-methyl-2-buthene, vinyl benzene,
isopropenil benzene and the push-pull cis-but-2-
ene-nitrile has been analyzed at the B3LYP/6-
311G** level of theory. A static local amalysis
based on the electrophilic and nucleophilic
regional Fukui functions have been perfortmed on
the ground states of asymmetric alkenes
considered. The regional Fukui function analysis
sltows that the electrophilic addition of the proton
to the Markovnikov center is preferred. The
proton-Markovnikov carbon atom  interaction
strongly activates the anti-Markovnikov center
towards the nucleophilic attack by CI. This
activation, which is described in terms of the
enhancement in local softness for nucleophilic
altacks, encompasses both the variation in global
sofiness with reference to the tramsition state
struclures, and the fluctuation in nucleophilic
Fukui functions at the AM center. These results
may be interpreted within a generalized HSAB
rule that goes beyond the Li-Evans sclectivity rule
that only- considers variations in the Fukui
function.

The experimental and predicted proton affinities
of the ground states of these alkenes are used to
build up a relative scale of carbocations stability
with reference to ethylere. The Markovnikov
carbocations (i.e. the protonated molecules at the
less substituted carbon atom) are predicted to be
more stable than the anti-Markovnikov
carbocations. Transition state structures for the
Markovnikov and anti Markovnikov channels
have been located, and substituent effects on the
activation enmergy have been analyzed. Energies
and chemical hardness of the ground states with
reference o the transition state structures seems to
follow a MHP rule, yet the comparison of the
transilion state energy and hardness values of the
different Markovnikov and anti-Markovnikov

channels do not. This result may be associated to °

the assymetric nature of the reaction coordinate
rather than a MHP result, in agreetent with the
model recently proposed by Chandra and
Uchimara [34].
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Table 1 . Relative stability of primary, secondary and tertiary carbocation intermediates involved in the
electrophilic addition of HCI to substituted ethylencs =),

Species Proton Affinity Relative PA’s
Experimental  Predicted 5PA1® (exp) 5PA2?Y (exp)
Ethylene 162.6 169.0 165.3 (174.0) 0.0 (0.0)
Propene (M) 179.6 188.1 146.2 (157.0) -19.1 (-17.0)
Propene (AM) 177.6 159.0 -8.6
2-Methyl-2-butene (M) 195.4 203.6 130.7 (141.2) -34.6 (-32.8)
2-Methyl-2-butene (AM) 191.0 1456 -22.0
Vinyl-benzene (M) 200.6 2140 120.3 (136.0) -45.0 (-38.0)
Vinyl-benzene ( AM ) 200.7 133.6 -31.7
Isopropenil-benzene (M ) 206.5 " 219.9 114.4 (130.1) -50.9 (-43.9)
Isopropenil-benzene (AM) 204.9 129.4 -35.9
Cis-But-2-enenitrile (M) 166.1 168.2 2.9
Cis-But-2-enenitrile (AM) 156.0 178.3 13.0
Trans-Bui-2-enenitrile (M) 164.0 170.3 5.0
Trans-But-2-enenitrile (AM) 155.6 178.7 13.4

® Alj volues in kcal/mol. b) experimental PA from reference [xx]. 9§PA1 = PA(CI-)}-PA(Alkene);, the reference
experimental value for PA(Cl-) = 336.6 keal/mol from reference [yy], the predicted PA(Cl-) value from B3LYP/6-
311G** calculations is 334.3 keal/mol. ¥ §PA2 = PA (Ethylene) - PA(Alkene)




Table 2. Energy, harmonic vibrational analysis, chemical hardness and mean dipole
polarizability for species involved in the addition of HCI 1o substituted ethylenes

Species -Energy NIMAG v N <>
Ethylene
Reactants 539.4474 0 00i 0.14 223
TS 539.3899 1 1437.01 0.06 43.5
Products 539.4793 0 0.0 i 0.16 34.1
Propene
Reactants 578.7775 0 0.0 i 0.14 347
TS(M) 578.7295 1 112731 0.06 57.5
TS(AM) 578.7173 1 131581 0.07 55.8
Products(M) 578.8075 0 001 0.15 46.7
Products(AM) 578.8034 0 0.0 i 0.16 457

2-Methyl-2.butene

Reactants 657.4330 0 0.0i 0.13 59.6
TS (M) 657.3912 1 77961 0.05 32.0

TS (AM) 657.3806 1 089.2 1 0.06 80.9
Product (M) 657.4567 0 0.0 i 0.15 70.2
Product (AM) 657.4543 0 00i 0.15 69.3

Vinyl benzene
Reactants 770.5607 0 0.01i 0.09 374
TS(M) 770.5196 i 712914 0.04 1274
TS(AM) 770.4980 1 1320.1i 0.06 110.6
Produgt %)) 770.5836 o 0.0 i 0.11 96.0
Product (AM) 770.5814 0 00 i 0.12 93.2
Isopropenyl benzene

Reactants 809.8865 0 0.0i 0.10 97.6
TS (M) 809.8496 1 55731 0.04 136.4

TS (AM) 809.8234 1 11504 i 0.07 i21.6
Product (M) 809.9066 0 001 0.11 108.0
Product (AM) 809.9040 0 0.0i .12 105.2

Cis-Bui-2-enenitrile

Reactants 671.0436 0 0.0 i 0.11 477
TS(M) 670.9843 1 142961 0.06 70.6
TS(AM) 6709719 1 1305.6i 0.04 74.9
Product (M) 671.0631 0 0.0i 0.15 57.0
Product (AM) 671.0556 0 0.0i 0.14 57.6




Table 3a. Local reactivity picture for the electrophilic and nucleophilic addition to the Markovnikov (M) and
Anti Markovnikov (AM) sites in the reaction between HCI and propene (2)

Species S Site (k) f f +k

GS1 7.29 CM 0.50 0.47

. CA 0.40 0.46

TS (M) 16.98 CM 0.11 0.06

CA 0.02 0.64

TS (AM) 15.10 CM 0.03 0.64
CA 0.14 0.09

Table 3b . Global and local contributions to site activation (deactivation) at the Markovnikov (M) and anfi-

Markovnikov sites for the reaction HCI and propene (2)

Species Site (k) Asy " AS S°AL
TS (M) CM(a) -1.79 4.83 -6.62
CA() 7.53 4,40 3.07
TS (AM) CM(b) 6.20 3.68 2.52
CA(a) -0.84 3.12 -3.96

@ electrophilic deactivation (b) Nucleophilic activation. GS1 is the ground state of propene(2).

Table 4a . Local properties for the electrophilic and nucleophilic additions to the Markovnikov (M) and Anti
Markovnikov (AM) sites in the reaction of HCl and 2-methyl-2-buthene(3)

Species S Site (k) f [
GS1 7.69 CM 0.43 0.41
CA 0.36 0.36

TS (M) 18.84 CM 0.07 0.05
CA 0.02 0.62

TS (AM) 16.57 cM 0.03 0.62
CA 0.10 0.06

Table 4b . Global and local contributions to site activation (deactivation) at the Markovnikov (M) and anti-

Markovnikov sites for the reaction HCL and 2-methyl-2-buthene (3)

Species Site (k) Asy, % AS S*Af
TS (M) CM(a) -1.92 4,79 -6.71
CA() 8.90 4.05 4.85
TS (AM) CM() 7.15 3.64 3.51
CA(a) -1.14 3.22 -4.37

®) electrophilic deactivation (b) Nucleophilic activation. GS1 is the ground state of 2-methyl-2-buthene (3)
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Table 5a . Local properties for the electrophilic and nucieophilic additions to the Markovnikov (M) and Anti
Markovnikov (AM) sites in the reaction of HCI and vinyl benzene (4)

Species S Site (k) £y [
GS1 10.58 CM 0.28 0.27
CA 0.11 0.14

TS (M) 26.14 CM 0.06 0.04
CA 0.02 0.40

TS (AM) 15.46 CM 0.03 0.62
CA 0.11 0.68

Table 5b . Global and local contributions to site activation (deactivation) at the Markovnikov (M) and anti-
Markevnikov sites for the reaction HCL and vinyl benzene (4)

Species Site (k) As, “AS S*Af
TS (VM) CM(a) -1.28 441 -5.69
CA(b) 8.90 2.12 6.78
TS (AM) CM(b) 6.66 1.33 534
CA(m) 0.43 0.56 -0.13

® electrophilic deactivation () Nucleophilic activation. GS1 is the ground states of vinyl benzene

Table 6a . Local properties for the electrophilic and nucleophilic additions {o the Markovnikov (M) and Anti
Markovnikov (AM) sites in the reaction of HCIl and isopropenyl benzene (5)

Species S Site (I) £ £

GS1- 10.03 CM 0.30 0.24

. CA 0.13 0.12

TS (M) 26.92 CM 0.05 0.03

CA 0.01 0.42

TS (AM) 14.66 CM 0.03 0.56
CA 0.11 0.09

Table 6b . Global and local contributions 1o site activation (deactivation) at the Markovnikov (M) and anti-
Markovnikov sites for the reaction HCL and isopropenyl benzene (5) .

Species Site (k) Asy, "LAS S*Af
TS (M) CM(a) -1.76 5.06 -6.82
CA(b) 10.08 2.06 8.01
TS (AM) CM(b) 6.28 1.09 5.19
CA(a) 0.27 0.59 -0.32

“electrophilic deactivation (b) Nucleophilic activation. GS1 is the ground state of isopropenyl benzene (5)
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Table 7a . Local properties for the electrophilic and nucleophilic additions to the Markovnikov (M) and Anti
Markovnikov {AM) sites in the reaction of HCI and cis-But-2-enenitrile (6). _

Species S Site (k) o Y
6 8.77 CM 0.32 0.24
CA 0.31 044

TS (M) 15.85 CM 0.15 0.05
CA 0.02 0.63

TS (AM) 22.32 CM 0.03 0.45
CA 0.11 0.06

Table 7b . Global and local contributions to site activation (deactivation) at the Markovnikov (M) and anti-
Markovnikov sites for the reaction HCL and cis-But-2-enenitrile {6) .

Species Site (k) A5k £ AS S*Afy

TS (M) CM(a) 0,36 2.26 2.61
CA(b) 6.11 3.15 2.96

TS (AM) CM(b) 7.94 331 4.63
CA(a) -0.20 4.17 -4.37

“® electrophilic deactivation (b) Nucleophilic activation. GS1 is the ground state of cis-But-2-enenitrile (6) .

Table 8a . Local properties for the electrophilic and nucleophilic additions to the Markovnikov (M) and Anti
Markovnikov (AM) sites in the reaction of HCI and trans-But-2-enenilrile (7).

Species S Site (k) f. £
7 8.77 CM 0.31 0.26

) CA 0.30 045
TS (M) 15.7 CM 0.16 0.06
CA 0.02 0.63

TS (AM) 22.0 CM 0.03 0.46
CA 0.12 0.06

Table 8b . Global and local contributions to site activation (deactivation) at the Markovnikov (M) and anti-
Markovnikov sites for the reaction HCL and frans-But-2-enenitrile (7) .

Species Site (k) As = “AS S*Af

TS (M) CM(a) 0.12 2.13 2.26
CA(b) 6.02 3.09 2.93

TS (AM) cM(b) 7.84 3.35 4.8
CA(a) -0.10 4,00 -4,10

® electrophilic deactivation (b) Nucleophilic activation. GS1 is the ground state of trans-But-2-enenitrile (7) .
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Figure 2. Molecules studied in the addition of IICI to substituted ethylenes

R1 R3

Molecule Substituents

Ethylene (1) R1=R2=R3=R4 =H

Propene (2) . R1=CH3
R2=R3=R4=H

. 2-methyl-2-huthene (3) R1=R2=R3 = CH3
R4=H

_ Vinyl benzene (4) R1 = C6H5
R2=R3=Rd4 = H

Isopropenil- benzene (5) R1 = C6H5
R2=CH3
R3=R4=H

Cis-But-2-enenitrile (6) R1=CN
R3=CH3
R2=R4 =H

Trans-But-2- enenitrile (7) RI=CN
R4 = CH3
R2=R3=H
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CAPITULO 3

Analisis local y global del enlace quimico

y la reactividad

3.1 Introduccién

Con el fin de explorar la posibilidad de usar otros descriptm“es locales en
el “aﬁélisis del enlace qufmico y la reactividad, se estudiaron diferentes modelos
de temperatura local electrénica y sus densidades de entropia asociadas en el
marco dél formalismo introducido por Parr y col.*® Tal anélisis ha sido llevado
a cabo aquf estableciendo una comparacién practica con otros fndices tales como
la densidad electrénica p(r), el laplaciano de la densidad V2p(x), la funcién de
Fukui £(r), y la funcién de localizacién electrénica (ELF).%” La molécula de
agua fue usada como un modelo prototipo simple para investigar en detalle
éstos conceptos.’” Igualmente se ha explorado la posibilidad de obtener,
empleando el andlisis topol6gico de la ELF, informacién detallada de los

cambios electrénicos a lo largo de la trayectoria de reacciones concertadas
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periciclicas (transferencias [1,3}JH y [1,3]F en el sistema alilico).™® Finalmente, y
en conexién con las ideas de reactividad global, un andlisis cuidadoso del
principio de 4cidos y bases duras y blandas (HSAB)''"'? ha sido incluido a través
de la exploracién detallada de las interacciones entre Ag* y HF con las bases

XHs (X =N, P, As)."

Los resultados obtenidos se expondridn a continuacién, tras una breve

descripcién del formalismo teérico necesario.

3.2 Teoria

Ghosh, Berkowitz y Parr int:rodujer:on1 en el marco de la teorfa de
funcionales de la densidad (DFT), conceptos locales de temperatura electrénica
O(r), entropfa 5(r} y densidad de energfa libre, construyendo asi una descripcién
termodindmica del estado fundamental de un sistema no homogéneo de N
electrones, donde la nube electrénica se visualiza en forma anédloga a un fluido
clasico en el espacio tridimensional que se mueve bajo gradientes locales de
temperatura, presién y un potencial efectivo que viene descrito por una
distribucién de Maxwell local. - Tal descripcién ha sido posteriormente

completada por Nagy y Parr en un formalismo DFT més riguroso.*?
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La temperatura local fue definida en términos de la densidad de energfa cinética

ts(r,p) usando la ecuacién del gas ideal,

(1, 0) = S kp()O) M

donde k es la constante de Boltzman. La densidad local de entropfa S(r)

asociada a la distribucion mas probable viene dada en consecuencia por,

w0 =3tot0) o 22 )] o

donde hemos usado la densidad de energia cinética de Thomas-Fermi to,

t,(r)=cpp(r)’’ 3)
La entropfa global del sistema S se obtiene entonces por integracién de S(r),
S = js (r)dr @

Las Ecs. (1)-(4) son susceptibles de una implementacién computacional directa y
esto serd explotado més adelante en su aplicacion como descriptores

electronicos de reactividad local.
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Por otra parte, el andlisis del campo de gradiente de la funcién de localizacién

electrénica (ELF) introducido por Savin y col.%’

proporciona una técnica para la
particién del espacio molecular en volamenes (basines) relacionados con el

apareamiento local de los electrones y se ha convertido en una importante

herramienta metodolégica para el estudio del enlace y la estructura quimica.

La funcién de localizacién electrénica definida por Becke y Edgecombe'® viene
dada por,

1

o
Cuir)

ELF(r)=

r

donde C(x) y Cu(x) representan respectivamente el exceso de energfa cinética
debido al principio de exclusién de Pauli'® y la densidad de energfa cinética de
Thomas-Fermi."™ Para una representacién monodeterminantal de la funcién
de onda, construida en términos de orbitales ¢i(r), de Hartree-Fock o de Kohn-
Sham (KS),” se tiene que C(r) se expresa formalmente como la diferencia entre
la energia cinética de un sistema de fermiones no interactuantes Ts[p] y la que
[Errorl Marcador mo definido-19 [

aparece en la funcional de von  Weizsidcker Tw[p].

consecuencia, para sistemas de capa cerrada se tiene que,
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CO) = TIP-T. o) ©)

r

%

donde,
T,(ry=Y [Vé o) 7)
I=1
y
1o’
Ty()= EW‘ ’ 8)

con la densidad electrénica calculada en términos de los espin-orbitales ¢'i(r),

L3

pm:§MmF )

La densidad de energfa cinética de Thomas-Fermi viene dada finalmente por,

€)= 677" ot (10)

De esta forma, la funcién ELF(r) definida en la Ec. (5) es una medijda local del
efecto de la repulsion de Pauli sobre la densidad de energia cinética, y la ELF
adquirird valores altos (cercana.a 1) en las regiones del espacio donde la

probabilidad de encontrar electrones apareados con diferente espin es alta. Por
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otra parte, cuando la repulsién de Pauli es importante en alguna region, la

funcion tender4 en consecuencia a valores cercanos a cero.

El campo de gradiente de la ELF permite la identificacién de méximos locales (o
atractores) y sus respectivos basines (el conjunto de puntos sobre las trayectorias
que convergen en la vecindad del ‘étractor) a los que se les puede relacionar con
un significado qufmico explicito.  Revisiones detalladas sobre Ia técnica y
nomenclatura empleadas con éste tipo de andlisis se encuentran disponibles en
Ia literatura.®® So6lo los aspectos relevantes al presente trabajo serdn subrayados
a continuacion. |
:

La integracion de la densidad electrénica en el espacio molecular definido por
los diferentes basines de atractores del campo de gradiente de la ELF permite

calcular la poblacién electrénica promedio para dichos basines €,

N@)= [ pirr (11)

con una varianza asociada 2 dada por,

*WQ)=(N7), - (V) (12)

!
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a partir de la cual se obtiene la desviacion estdndar (o). Esta tltima cantidad
representa entonces la incertidumbre cuéntica sobre dicha poblacién? La
relacién de éstos valores define la fluctuacién relativa A(€2;) de la poblacion en el
basin ;, y ha sido consecuentemente interpretada en conexién con los

conceptos quimicos de localizacion (deslocalizacién) electrénica,

GI(N;:92,)
N @)

A2,)= (13)

Se mostrard explicitamente mds adelante que la funcién ELF definida en la

Ec. (5) puede relacionarse con las cantidades termodindmicas locales definidas a

través de la Ecs. (1)-(4).

3.3 Aplicdciones

3.3.1 Temperaturas electrénicas y densidades de entropia asociadas como

descriptores locales de reactividad

En Ia primera de las aplicaciones estudiadas en este Capftulo, la densidad
elecirénica para la molécula de H20 fue generada al nivel de teorfa B3LYP/6-

311G*+,** empleando el programa Gaussian 94.2” Los célculos de las diferentes
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funciones termodinédmicas locales definidas en las Ecs. (1)-(4} fueron realizados
introduciendo algunas modificaciones al conjunto de programas TopMod de
Silvi y col.™® Las rutinas para el calculo de las temperaturas locales de
Thomas-Fermi ©rr, von Weizsiicker ©w, y Kohn-Sham ®ks, fueron
implementadas a partir de la relacion ideal dada en la Ec. (1), y obtenidas
numéricamente sobre una malla tridimensional de puntos del espacio
molecular. El andlisis gréfico de los resultados fue realizado con ayuda del

programa Vis5d.*

Partiendo de las Ecs. (1) y (5)-(10) puede probarse directamente que la funcién
ELF puede escribirse simplemente en términos del factor ®gr(r) el cual es

funcién de las temperaturas locales de Ghosh y col.,”?

Oy (1) -0
O e (1) =[ gL (r)”’ (r)] (14)
por lo que,
1
O B F 1)
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La Figura 3.1 muestra los diagramas de contorno obtenidos para el laplaciano de
la densidad V2p(r), las temperaturas electrénicas de Thomas-Fermi @1e(r), von
Weizsdcker ®w, Khon-Sham @ks(x), el factor @sr(r) y la funcién ELF(r) exacta,

para la molécula de agua optimizada al nivel B3LYP/6-311G**,

Puede observarse que los fndices de temperaturas electrénicas (TF, W, y KS)
conservan la simetria del sistema molecular mostrando claramente el aumento
obvio de su magnitud en la cercania de los nicleos. El laplaciano de la densidad
remarcard obviamente ésta condicién. La funcién de estas temperaturas locales,
Qm(r), es topogréficamente andloga a la funcién ELF exacta y se muestra por
consiguiente de utilidad complementaria en el andlisis de la naturaleza de la
componente cinética del enlace quimico, un punto interesante abierto a nuevos

desarrollos.

Dado por otra parte que las densidades de energfa cinética local no quedan
definidas univocamente, (por integracién sélo deben reproducir el valor global
de energfa cinética), entonces mayor informacion sobre el comportamiento local

puede ser explorada introduciendo densidades de energfa cinética como t2 y t3,
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1

I =l +_9'IW
1

t, =t =7V’ pr) (16)
1

Iy =1, ~§V2p(r)

que incorporan el laplaciano de la densidad explicitamente. Las temperaturas
electrénicas asociadas se muestran en la Figura 3.2 en comparacién con la de XS.
El efecto dominante del término laplaciano en la proximidad de niicleos pesados

queda claramente enfatizado en @x(r) y @3(r).

a},

d)

———.,

€} 0 =2
S )&:ﬁ;\\
\ \ \ %\\\ i ::‘:\\\\
2Q0) e

\ v
\Q N\ 0
vy
(\
T |

72
@

Figura 3.1 Para la molécula de H20 optimizada al nivel de teorfa B3LYP/6-311G**, contornos
(ua) para (a) el laplaciano de la densidad V2p(r), las temperaturas electrénicas de (b} Thomas-
Fermi ®1¢(r), (€} von Weizsiicker ©w, (d) Khon-Sham Oxs(r), (€) el factor Opcr(r), asi como (f) Ia
funcién ELF(r) exacta.
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La funcién de Fukui, evaluada simplemente como la densidad del HOMO, asi
como las densidades de entropias locales, se muestran (ver Figura 3.1)
topograficamente similares a las de la densidad electrénica p(r) al nivel de teoria
utilizado. Las correspondientes entropias globales han sido también calculadas
para algunos dtomos. Es claro de la Tabla 3.1, que su magnitud aumenta con el
numero atémico en acuerdo también con otras observaciones.! Finalmente, En
'la Figura 3.4, la distribucién radial de las diferentes entropfas locales para el
dtomo de Ne6n muestra explicitamente la estructura de capas y la importancia
del término laplaciano en las temperaturas locales donde éste se ha

incorporado.?
H

| @

3

Figura 3.2 Para Ja molécula de H20 optimizada al nivel de teorfa B3LYP/6-311G**, contornos
(ua) para (a) Ia temperaturas electrénicas de Khon-Sham ©xs(x), (b) O4(r), () Oz(r) y (d) ©@s(z).
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Tabla 3.1 Entropfas globales para los 4tomos Z = 2-10 usando diferentes densidades de energfa
cinética, (en unidades de k).

Atomo Str Sw S1 S2 Ss3 Sks
He 12.46 14.41 13.32 6.34 8.09 14.38
Li 18.69 21.51 19.87 10.11 12.02 23.16
Be 2492 27.42 26.35 13.95 16.40 31.36
B 31.15 33.29 32.74 16.81 20.37 39.51
C 37.38 38.83 39.11 20.62 24.77 47.44
N 43.61 4412 4545 2432 29.76 55.34
@) 49.84 49.33 " 51.79 27.98 34,72 63.38
F 56.08 54.30 58.11 31.99 39.84 71.30
Ne 62.31 59.12 64.43 36.24 45.47 79.19

Figura 3.3 Para Ia molécula de H20 optimizada al nivel de teoria B3LYP/6-311G**, contornos

(ua) para () Ia funcién de Fukui £(r), (b) la densidad electrénica P(r), (c) Ia entropia de von
Weizsicker Sw)/k, y (d) Kohn-Sham Sgsiy k

<)

b)
d)
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Figura 3.4 Para el dtomo de Ne6n, distribuci6n radial para (a) la densidad electrénica p(x), (b) la
entropfa de von Weizsiicker Sway/k, (c) Kohn-Sham Sksay/k, y (d) Sigy/ks.

Los resultados obtenidos aquf para este sistema simple subrayan la utilidad de

la descripcién termodindmica local como indices de reactividad y del enlace

quimico, atin a través de implementaciones aproximadas como las usadas. La

aplicacién de estas herramientas a otros sistemas especificos tanto en sus

estados fundamentales asi como a sistemas reaccionantes, es una interesante

drea de trabajo que queda abierta a nuevos desarrollos,
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3.3.2 Analisis topoldgico de la ELF aplicado al estudio de mecanismos de

reaccién.

El estudio de los meécanismos de las reacciones orgénicas constituye por si
mismo una de las bases de desarrollo para nuestra comprension de Ja quimica y
reactividad en general. De gran”relevancia en este punto resulta entonces el
estudio tedrico de los procesos periciclicos de reaccién™** Con la intencién de
explorar la utilidad de la funcién de localizaci6n electrénica (ELF), Ecs. (5)-(13),
en la descripcion de sistemas reaccionantes, el mecanismo de la migracién
sigmatrépica [1,3] de Fltor en 3-fluor-propeno ha sido abordado en detalle.” De
;
la misma forma, la naturaleza electrénica de los estados de transicién [1s,3s] ¥
[15,3:.-1] para la transferencia de H en propeno ha sido cuidadosamente

evaluada.”’ Los resultados se exponen y discuten a continuacién.
3.3.21  Transferencia [1,3] de Fltor en 3-fluorpropeno

En el estudio de la transferencia sigmatrépica del Fldor en 3-flvior
propeno (3FP),” (ver Figura 3.5) la naturaleza electrénica del estado de transicién
suprafacial ha quedado descrita topolégicamente en términos de un par i6nico

con una separacion de carga de 0.6e. Los puntos estacionarios correspondientes

al reactante (R), al estado de transicién suprafacial (TS) y al producto (P) fueron
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localizados y caracterizados con el programa Gaussian 98.%° Basados en los
puntos optimizados al nivel de teorfa BBPW91/6-311G***** las propiedades de
la funcién ELF fueron calculadas usando el paquete TopMod®? y el analisis
grafico fue realizado con el paquete Vis5d.* El cambio de las caracteristicas
ele;:trérﬁcas de los enlaces a lo largo del camino [1s,3s] permitido por la simetria
orbital® ha sido caracterizado con gran detalle a partir de las Ecs. (11)-(13) asi
como del andlisis de la funcién ELF a lo largo de la coordenada intrinseca de

reaccién (IRC).*!

Del anélisis de los datos de energia, dureza n, y polarizabilidad media <a>,
reportados en la Tabla 3.2, es posible observar que la pequefia estabilizacion
pr;:dicha a este nivel de teorfa para el isémero cis frente al gauche del 3FP, est4
en acuerdo con estudios experimentales previos sobre éste sistema,*>* y que los
principios de méxima dureza (MHP)* y minima polarizabilidad (MPP)** se
cumplen para el proceso [1s,3s]F de reaccién concertado, que ademés es

simétrico.*
Las Figuras 3.6 y 3.7 muestran los dominios de localizacién (ELF=0.75) para el

reactante cis-3FP y el estado de transicién. Las correspondientes propiedades

derivadas del andlisis topolégico de la ELF se muestran en las Tablas 3.3 y 3.4.
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TS ([1s,3s]F)

R (3FP) P (3FP)

Figura 3.5 Rearreglo sigmatrépico [1s,s3] de Flaor en 3-fluorpropeno. Geometrias optimizadas
a PW91/6-3111G**. Se indica la nomenclatura que sera usada en la discusioén de los resultados
correspondientes.

Tabla 3.2 Propiedades globales, evaluadas al nivel de teoria B3PW91/6-311G* para 3-
fluorpropeno (conformaciones cis y gauche) y el estado de transicion correspondiente a la
migracion sigmatrépica [1,3] de Flaor

Propiedad 3FP (gauche) 3FP (cis) TS
Energia total, ua -217.1137 -217.1149 -217.0099
ZPE, a.u. 0.0728 0.0728 0.0696
NIMAG 0 0 1(672.8511i cm™)
Grupo puntual C1 C1 B
Dureza global, ua 0.137 0.138 0.074
Polarizabilidad <a> ua 40.7 404 45.8
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V(CL,C2)

bl V(C2HS6)

V(C1,H4)

V(C1,H5)

V(CLF)

Figura 3.6 Dominios de localizacién de la ELF para cis-3FP (isosuperficie ELF=0.75), basado en
resultados al nivel de teoria B3APW91/6-3111G**. Se indican en rojo los basines de core (C), en
azul los basines protonados V(C,H) y en verde los basines de valencia V(C,C) y V(C1,F).

La organizacion de los atractores resultantes del analisis topologico de la ELF se
detalla a continuacién. En el caso del reactante (cis-3FP) (Figura 3.6, Tabla 3.3),
aparecen cuatro atractores de core (C) correspondientes a los atomos C1, C2, C3
y F9, cinco atractores protonados, disindpticos de valencia V(C1,H4), V(C1,H5),
V(C2,H6), V(C3,H7) y V(C3,H8) correspondientes a los diferentes enlaces C-H.
Los enlaces C1-C2, C1-F9 y C2=C3 corresponden a los atractores de valencia
disindpticos V(C1,C2), V(C1,F) y V(C2,C3). Queda explicitamente en evidencia

el caracter (6rden) de los enlaces C1-C2 y C2=C3. El superbasin cilindrico de
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valencia monosinaptico V(F), corresponde a los electrones no enlazantes del

atomo de F9.

V(o)

/{C2,H6)

V(C1,C2)

V(2,03

V(C3HT) . . V(C1,H4)

V(C3,HS) V(C1,HS)

Figura 3.7 Dominios de localizacion de la ELF para el estado de transicion del proceso [1s,3s|F
en 3-FP (isosuperficie ELF=0.75), basado en resultados al nivel de teoria BAPW91/6-3111G**. Se
indican en rojo los basines de core (C), en azul claro los basines protonados V(C,H), en azul
oscuro los basines monosinapticos sobre F y C2, y en verde los basines de valencia V(C,C) y el
basin V1(F).

Por otra parte, los resultados para el estado de transicién suprafacial (Fig. 3.7,
Tabla 3.4) revelan que ademas de los cinco basines monosinapticos de core (C),
los cinco basines disinapticos protonados V(C,H), y el superbasin de valencia
para los electrones no enlazantes del fldor Vi(F), aparecen dos basines
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disindpticos V(C1,C2) y V(C2,C3) equivalentes, ademds de los dos basines de
valencia monosindpticos centrados sobre C2, V(C2), y F9, Vi(F). En esta
estructura de transicién, no se observan atractores de valencia disindpticos
entre el dtomo de F y los carbonos terminales C1 y C3. Esta imagen es entonces
explicitamente consistente con el cardcter de par iénico que posee la estructura

de transicién para el proceso [15,3SiF en 3-FP.’

El an4lisis de las propiedades en las Tablas 3.3 y 3.4 para cada uno de los basines
del 3-FP y del TS revela mas detalladamente la naturaleza electrénica del
rearreglo. Asi por ejemplo, se tiene que las poblaciones de core de los 4tomos de
carbgno aparecen centradas en 2.10e, valor ligeramente mayor del esperado de
Z.dOe, a lo largo del proceso. Esto se explica en virtud de la penetracién de
electrones de las capas de valencia en las regiones de core atémico como puede
verse del correspondiente andlisis de contribucién de otrt:)s basines a la
desviacion estédndar. La fluctuacion relativa de estas poblaciones de core es baja
(A = 012, 0.13) indicando una baja deslocalizacién para tales densidades. El
cardcter més electronegativo del flGor se refleja también en poblaciones de core
ligeramente superiores (2.15¢) y mas localizadas (A =0.20). Las poblaciones
correspondientes a los basines V(C,H) en el TS (de 2.03e a 2.13e) muestran
siempre valores intermedios de deslocalizacién (A =0.31, 0.32). En particular el

basin V(C2,H6) Ileva en el TS una poblacién de 2.24e, lo cual es una
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consecuencia del reordenamiento de la densidad electrénica a través de los
atomos de carbono del fragmento alilico cuando el doble enlace presente est4
migrando. Asi, puede verse que las poblaciones de los basines disinépticos
V(CL,C2) y V(C2,C3) se hacen equivalentes en el TS llevando poblaciones de
2.55e y mayores valores de deslocalizacion (A=0.49). De especial interés
resultan los basines monosinéptic;s V(C2) y Vi(F) en el TS con 0.30e y 1.10e y
una alta deslocalizacién (0.90 y 0.74 respectivamente). Esto conduce
naturalmente entonces a una descripcién del TS en términos de una estructura
de par iénico que implica una separacién de carga de 0.6e en el sentido
[(EsHs&"'FS_ ]. Esta descripcién queda ademds bien explicita en términos del
anélisis de las contribuciones principales a la desviacion estdndar que provienen
de- otros basines. Por ejemplo, la poblaci6n’en Vi(F) se muestra fluctuando
principalmente con la del basin monosindptico de valencia no enlazante del
fldor V(F) (77.8%) y en menor grado con la de su core C(F) (6.1%). La poblaci6én
de V(C2) por otra parte se encuentra solamente interrelacionada con la los
basines disindpticos V(C1,C2), V(C2,C3) y V(C2H6) (28.1%, 28.1% vy 16.6%,
respectivamente). Es claro también que el patrén de fluctuacién mostrado por
los fragmentos del par iénico en el TS, demuestran explicitamente la separacién
allil/fluoruro a partir de los datos para los diferentes basines en las Tablas 3.3 y

3.4. Una descripcién més detallada sers analizada a continuacién.
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Tabla 3.3 Propiedades basadas en la ELF de cis-3FP, poblacién de basines N, desviacion
estandar o(Ny), fluctuacién relativa A(N), y contribuciones principales de otros basines i(%) a d
o2(N;). Resultados obtenidos al nivel de teorfa B3PW91/6-311G*,

Basin N o) AN Contribucién(%)
1 V(CLE4) 202 _ 0.80 031 2(29.5) 8(11.6) 10(26.2) 12(14.0) 13(9.4)
2  V(CLH5 203 080 032 1(29.5) 8(11.7) 10(26.1) 12(14.2) 13(9.5)
3 V(C2H6) 208 081 032 6(10.8) 10(24.7) 11(46.1)
4 V(C3HS) 207 082 032 5(29.1) 7(11.1) 11(45.9)
5 VC3HD 2.11 0.81 0.31 4(29.2) 7(11.8) 11(46.9)
6 C(C2) 211 0.53 0.13 3(25.8) 10(23.8) 11(40.3)
7 C(C3) 2.11 053  0.13 4(26.4) 5(28.1) 11(39.1)
8 cCl) 210 052 0.3 1(27.4) 2(27.7) 10(25.4) 13(7.9) 12(7.0)
9 ) 214 066 020 12(89.6) 13(6.5)
10 V(C1,C2) 209 1.03 051 1(15.7) 2(15.8) 3(15.4) 11(23.7) 12(6.6) 13(5.1)
11 V(C2,C3) 3.5 121 042 3(20.9) 4(20.9) 5(21.3) 10(17.1)
2 V@ 668 108  0.17 9(33.1) 1(7.6) 2(7.8) 10(6.0) 13(38.6)
13 V(CL,F) 0.96 0.83 0.73 1(8.7) 2(8.9) 10(7.8) 12(65.4)

Tabla 3.4 Propicdades basadas en la ELF de TS [1s,3s]F, poblacién de basines N, desviacién
estdndar o(Ny), fluctuacion relativa A(Ni), y contribuciones principales de otros basines i(%) a
o?(N;). Resultados obtenidos al nivel de teorfa B3PW91/6-311G**,

Basin N, o(N) ANy Contribucién(%)
1 C(C3) 2.09 051 012 5(29.8) 6(29.0) 11(30.3)
2 C([C1) 2.09 0.51 012 4(29.8) 7(29.0) 10(30.3)
3 (2 2.10 0.52  0.13 8(29.2) 10(28.0) 11(28.0)
4 V(CLH) 213 0.80 030 2(11.9) 7(31.9) 8(5.0) 10(32.9)
5 V(C3H7) 213 0.80 030 1(11.9) 6(31.9) 8(5.0) 11(32.9)
6 V(C3,H8) 2.11 082 0.32 1(11.1) 5(30.6) 11(30.2)
7 V(CLH5) 211 0.82 032 2(11.1) 4(30.6) 10(30.2)
8 V(C2,HE) 224 0.85 0.32 3(10.9) 10(30.9) 11(30.9)
9 C(F) 2.15 0.63 0.18 12(12.2) 13(82.6)
10 V(CLC2) 255 112 049 2(6.2)3(6.0) 4(16.7) 7(16.0) 8(17.7) 11(18.3) 12(5.9) 14(6.0)
11 V(C2,C3) 255 112 0.49 1(6.2) 3(6.0) 5(16.7) 6(16.0) 8(17.7) 10(18.3) 12(5.9) 14(6.0)
12 Vi(F) 1.10 0.89  0.74 13(77.8) 10(5.5) 11(5.5)
13 Vi(F) 6.35 L16 021 9(6.1) 12(77.8)
14 V(C2) 0.30 0.52  0.90 8(16.6) 10(28.1) 11(28.1)
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Figura 3.8 Dominios de localizacion de la ELF para algunos puntos a lo largo del IRC para el
proceso [1s5,3s]F en 3-FP (isosuperficie ELF=0.75), basado en resultados al nivel de teoria
B3PW91/6-3111G**. La migracién del atomo de Flior desde C1 (en a) hasta C3 (en j). Notese el
reordenamiento del doble enlace, basines en verde para V(C,C), de C3=C2 (en a) hasta C2=C1
(enj). La nomenclatura y posicién espacial de los dtomos es la misma usada en las Figs. 3.5 - 3.7
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El andlisis detallado de la informacién sobre la evolucién de las propiedades
topolégicas a lo largo de la trayectoria IRC (ver Figura 3.8) para este mecanismo
de reacci6n, Tablas 3.5a - 3.5j, muestra explicitamente la transferencia del doble
enlace entre los centros de carbono (de C3=C2 a C2=C1) mientras ocurre la
migracién concertada del fldor. desde Cl1 hasta C3. Los valores de
deslocalizacién (1) y de fluctuacion de las poblaciones (%), permiten visualizar
ademds a los basines protonados V(C,H) como receptores intermediarios de la
densidad de carga a lo largo del rearreglo. Igualmente debe ser notado como el
cardcter covalente de la estructura aumenta (menor transferencia de carga)
desde el estado de transicién mas polar hacia los minimos correspondientes al

reactante y producto.’

Tabla 3.5a Propiedades basadas en la ELF para el Punto (a) TS [1s,3s]F, poblacién de basines Nj,
desviacién esténdar o(Ny), fluctuacién relativa A(Ny), y contribuciones principales de otros
basines i(%) a 62(N;). Resultados obtenidos al nivel de teorfa B3PW91 /6-311G*,

Basin N; o) AN Andlisis de fluctuacion (%)
I C(C2) 212 053 0.3 4(292) 10(21.2) 11(18.9) 12{20.0)
2 CCl) 208 052 0.3 3(28.5) 6(29.5) 10(22.4)
3 VCLHe) 203 079 031 2(12.1) 6(31.7) 10(25.5) 13(12.3) 14(10.5)
4 V(C2H6) 218 083 031 1(11.9) 7(5.7) 8(5.6) 10(24.2) 11(21.9) 12(23.0)
5 CC3) 210 052 013 7(28.0) 8(28.4) 11(18.8) 12(18.0)
6 V(CILH5) 2.07 0.81 0.31 2(12.2) 3(30.7) 10(25.0) 13(13.3)
7 V(C3HT) 212 081 031 5(11.6) 8(30.9) 11(21.4) 12(23.1
3 V(C3,H8) 2.14 0.83 032 4(5.5) 5(11.3) 7(29.7) 11(23.0) 12(20.1)
9  CE 212 065 020 13(87.4) 14(3.8)
10 VECCl) 203 102 051 1(5.7) 2(5.8) 3(15.5) 4(16.0) 6(15.8) 11(12.1) 12 (10.9)
11 V(C2.C3) 167 098 0.58 1(5.5) 4(15.5) 5(5.3) 7(14.6) 8(16.3) 10(12.9) 12(26.3)
12 V(C2C3) 165 098 058 1(5.8) 4(16.4) 7(15.4) 8(14.4) 10(11.8) 11(26.5)
13 VE) 663 108 018 3(6.6) 6(7.4) 9(31.3) 10(6.1)14(41.9)
14 VECL 105 087 071 3(8.8) 6(8.7) 10(7.4) 13(65.5)
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Tabla 3.5b Propiedades basadas en la ELF para el Punto (b) TS [1s,3s]F, poblacién de basines
N, desviacién esténdar o(N), fluctuacién relativa A(N;), y contribuciones principales de otros
basines i(%) a 52(N). Resultados obtenidos al nivel de teoria BAPW91/6-311G**.

Basin N e AR Anilisis de fluctuacion (%)
1 C(C2) 210 052 0.3 6(28.3) 10(22.8) 11(19.8) 12(18.9)
2 CC3) 210 052 013 7(26.9) 8(27.9) 11(19.5) 12818.9)
3 C¢C1 209 051 013 4(27.2) 5(29.4) 10(23.6) 13(6.9) 14(8.4)
4 V(CIHS) 2.04 0380 031 3(11.2) 5(30.7) 10(25.0) 13(13.6) 14(9.8)
5 V(CLH4) 208 ©.80 0.31 1(11.4) 8(5.1) 10(24.7) 13(13.7) 14(9.8)
6 V(C2,H6) 216 082 0.31 1(11.4) 7(5.3) 8(5.1) 10(24.7)11(23.7) 12(22.1)
7 V(C3H7) 210 081 031 2(11.3) 6(5.5) 8(30.7) 11(24.0) 12(21.1)
8 V(C3,18) 209 0.82 032 28(11.2) 6(5.1) 7(29.4) 11(20.8) 12(22.1)
9 C(F) 213 064 0.19 13(88.5) 14(7.3)
10 V(C2,CT) 207  1.02 051 1(5.9)3(59)4(15.2) 5(15.4) 6(16.0) 11(11.4) 12(12.4) 13(6.7) 14(5.3)
11 V(C3,C2) 172 100 058 1(5.4) 2(5.3) 6(16.2) 7(15.7) 8(14.2) 10(12.1) 12(26.2)
12 V(C3,C2) 1.68 098 0.57 1(5.3) 2(5.3) 6(15.5) 7(14.1) 8(15.5) 10(13.5) 11(26.9)
13 V() 665 1.09 0.18 4(7.4) 5(7.4) 9(31.2) 10(5.9) 14(40.4)
14 V(Cl) 1.00 085 0.72 4(8.6) 5(8.7) 10(7.8) 13(65.8)

Tabla 3.5¢ Propiedades basadas en Ja ELF para el Punto (¢} TS [1s,3s]F, poblacién de basines N,
desviacién esténdar o(Ni), fluctuacién relativa A(Ni), y contribuciones principales de otros
basines i(%) a 6(Ni). Resultados obtenidos al nivel de teorfa BSPW91/6-311G**.

Basin N o) AW Aniilisis de fluctuacién (%)
I CCh 212 052 0.3 4(27.0) 5(29.7) 10024.3)12(7.2) 13(6.6)
2 C(C2) 211 053 013 8(29.0) 10(22.1)11(38.4)
3 C(C3) 210 052 043 6(27.5) 7(27.5) 11(38.1)
4 V(CLHS) 205 080 031 1(11.5) 5(30.9) 10(25.3)12(13.9) 13(3.5)
5 V(CLHY) 207 079 031 1(12.7) 4(31.0) 10(25.7) 12(13.7) 13(8.9)
6 V(C3HS) 208 082 033 3811.1) 7(29.2) 11(41.9) 12(5.1)
7 V(C3H7) 210 080 031 3(11.5) 6(30.5) 8(5.3)11(44.9)
8 V(C2H6) 215 082 032 2(11.9) 7(5.1) 10(24.6) 11(45.8)
9 CE 216 065 020 12(89.1) 13(6.5)
10 VC,Cl) 209 103 051 1(6.2) 2(5.8) 4(15.2) 5(15.3) 8(15.7) 11(24.3) 12(6.8)
11 V(C3.C2) 338 120 043 2(7.4) 3(7.2) 6(19.6) 7(20.1) 8(21.5) 10(17.8)
12 V® 677 107 017 4(7.7) 5(1.6) 9(33.1) 10(6.3) 13(35.8)
13 VECH 083 079 076 4(8.6) 5(8.9) 10(8.1) 12(65.0)

67




Tabla 3.5d Propiedades basadas en la ELF para el Punto (d) TS [1s,3s]F, poblacién de basines
Ni, desviacién estndar o(Ny), fluctuacién relativa MNi), y contribuciones principales de otros
basines i{%) a 62(N;). Resultados obtenidos al nivel de teorfa B3PW91/6-311G**,

Basin N o) A Anlisis de fluctuacion (%)
I C(C2 211 653 0.13 6(28.9) 10(22.9) 11(38.0)
2 CCl) 209 051 013 4(27.9) 5(30.2) 10(26.3) 12(6.7)
3 CC3) 211 052 0.3 7(27.4) 8(28.3) 22(36.5)
4 V(CLH5) 206 080 031 2811.4) 5(31.1) 10(26.0) 12(14.9) 13(6.6)
5 V(CLHA) 209 079 030 2812.6) 4(31.7) 10(27.1) 12(13.3) 13(6.7)
6 V(C2,H6) 2.17 083 032 1(11.7) 7(5.1) 10(25.5) 11(44.6)
7 V(C3H7) 209 080 031 3(11.6) 6(5.4) 8(30.8) 11(43.4)
8 V(C3HS) 210 082 032 3(11.4) 7(29.3) 11(39.8) 12(6.4)
9 CF) 214 065 0.9 12(91.5) 13(4.0)
10 V(C2,CH) 218 105 050 1(5.8) 2(6.3) 4(15.2) 5(15.6) 6(15.9) 11(24.3)
11 V(C3,C2) 329 120 044 1(7.3) 3(6.9) 6(21.3) 7(19.4) 8(18.7) 10(18.6)
12 v® 702 104 015 4(8.9) 5(7.8) 9(35.5) 10(7.5) 13(27.6)
13 V(ECI) 055 068 0.83 4(9.2) 5(9.2) 10(8.1) 12(64.6)

Tabla 3.5¢ Propiedades basadas en Ja ELF para el Punto (€) TS [1s,3s]F, poblaci6én de basines I,
desviacién estdndar o(Ni), fluctuacion relativa A(Ny), y contribuciones principales de otros
basines i(%) a 02(Ni). Resultados obtenidos al nivel de teorfa BSPW91/6-311G**,

Basin N o) AN Anilisis de fluctuacion (%)
1 C(C1) 241 051 013 3(30.3) 4(29.0) 10(26.4) 12(8.7)
2 C(C2) 211 053 0.13 9(28.5) 10(24.0) 11(36.9)
3 V(C1,H4) 208 079 0.30 1(12.8) 4(31.7) 10(28.0) 12(18.2)
4 V(C1H5 208 080 0.31 1(11.9) 3(30.8) 10(26.3) 12(20.3)
5 V(C3H7) 214 081 0.31 6(11.6) 7(30.7) 9(5.6) 11(41,0)
6 C(C3) 210 052 0413 5(28.4) 7(28.1) 11(35.3)
7 V(C3H8) 210 082 032 5(30.4) 6(11.4) 11(37.0) 12(8.0)
8 C(F) 212 064 019 12(95.8)
9 V(C2HB) 217 083 0.32 2811.5) 5(5.4) 10(26.3) 11(43.0)
10 v(C2C1) 225 106 0.50 1(6.2) 2(5.9) 3(15.6) 4(15.1) 9(16.1) 11(24.6)
11 V(C3,C2) 316 1.19 045 2(7.3) 5(19.3) 6(6.7) 7(17.5) 9(21.0) 10(19.6)
12_V(F) 7.57 097 0.12 3(12.2) 4(13.9) 7(5.7) 8(42.2) 10(12.1)

+
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Tabla 3.5f Propiedades basadas en la ELF para el Punto (f) TS [1s,3s]F, poblacién de basines N;,
desviacién estdndar o(Nj), fluctuacion relativa AM(N), y contribuciones principales de oiros
basines i(%) a 62(Nj). Resultados obtenidos al nivel de teorfa BAPW91/6-311G**.

Basin N o) AN Andlisis de fluctuacién (%)
T CC3) 209 051 0.2 3(29.5) 4830.7) 10(26.3) 12(8.2)
2 C(C2) 2106 053 013 7(27.8) 10(23.9) 11(38.1)
3 WC3HT) 207 079 030 1(12.3) 4(31.8) 10(27.8) 12(18.5)
4 V(C3HS) 211 081 031 1(12.3) 3(30.7) 10(26.2) 12820.2)
5 VCLHS) 210 082 032 6(30.4) 8(11.5) 11(37.1) 12(3.0)
6 V(CLHA) 213 o081 031 5(30.9) 7(5.4) 8(11.2) 11(41.3)
7 V(CZH6) 215 0.82 0.32 2(11.3) 6(5.2) 10(26.2) 11(43.6)
8§ CCD 210 052 013 5(28.6) 6(27.4) 11(35.9)
9  CF - 214 065 020 12(95.7)
10 V(C3,C2) 225 106  0.50 16.1) 2(5.9) 3(15.6) 4(15.2) 7(15.9) 11(25.0) 12(9.8)
11 V(C2Cl) 321 119 044 2(7.4) 5(17.3) 6(19.0) 7(20.9) 8(6.8) 10(19.7)
12 VE) 755 097 0.3 3(12.2) 4(13.9) 5(5.7) 9(42.5) 10(11.6) 1i(7.1)

1

Tabla 3.5g Propiedades basadas en Ia ELF para el Punto () TS [1s,3s]F, poblacién de basines N,
desviacion estdndar o(Nj), fluctuacién relativa A(N), y contribuciones principales de otros
basines i{%) a 62(N). Resultados obtenidos al nivel de teorfa B3PW91/6-311G*,

Basin N o) AN Anilisis de fluctuacién (%)
1 C(C2) 2.12 053 0.13 5(28.3) 10(22.9) 11(38.3)
2 C(C3) 2.09 051 0.12 3(30.1) 4(28.0) 10(26.4) 12(10.0)
3 WV(C3H7) 207 0.79¢ 0.30 2(12.5) 4(31.7) 10(27.2) 12(8.9)
4 V(C3H8) 207 0.80 0.31 2(11.4) 3(30.9) 10(26.0) 12(20.8)
5 V(C2,HB) 214 0.82 0.32 1(11.7) 8(5.1) 10(5.4) 11(44.7)
6 C(C1) 2.11 052 013 7(27.9) 8(27.6) 11(36.6)
7 V(C1H5) 2.08 082 0.32 6(11.4) 8(29.6) 11(39.4) 12(6.8)
8 V(C1,H4) 211 0.80 0.31 5(5.4) 6(11.6) 7(30.5) 11(43.3)
9 C(F) 2.16 0.65 0.20 12(94.5)
16 V(C3.C2) 2.19 1.05 050 1(5.9) 286.3) 3815.6)4(15.2) 5(15.7) 11(24.5) 12(10.3)
11 v{cz2,c1) 3.29 1.20 044 1(7.5) 5(21.2) 6(7.0) 7(18.3) 8(19.5) 10(18.7)
12 V(F) 7.44 1.01  0.14 3(11.7) 4(13.2) 9(39.5) 10(11.2) 11(5.8) 13(8.8)
13 _V(F,.C3) 0.12 0.34  0.95 3(5.8) 12(79.3)
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Tabla 3.5k Propiedades basadas en la ELF para el Punto (h) TS [1s,3s]F, poblacién de basines
Ni, desviacién estdndar o(Ni), fluctuaci6n relativa A(INi), y contribuciones principales de otros
basines i(%) a 62(Nj). Resultados obtenidos al nivel de teorfa B3PW91/6-311G*,

Basin N o) MW Anilisis de fluctuacion (%)
1 C(C3) 211 052 0.13 4(28.0) 6(31.1) 10(23.6) 12(6.8) 13(5.6)
2 C(C2) 211 053 0.13 5(29.2) 10(22.5) 11(37.8)
3 ¢(C1) 209 052 0.13 7(27.6) 8(27.4) 11(37.8)
4 V(C3H8) 205 080 0.3t 1(11.8) 6(31.1) 10(25.2) 12(13.7)
5 V(C2HB) 218 083 031 - 2(11.8) 7(5.0) 8(5.3) 10(24.8) 11845.2)
6 V(C3H7) 210 080 0.31 1(13.1) 4(31.1) 10(25.8) 12(13.5) 13(3.4)
7 V(C1,H5) 208 082 033 3(11.0) 5(5.1) 8(29.5) 11(41.4) 12(5.2)
8 V(C1,H4) 212 081 0.31 3(11.4) 5(5.6) 7(30.7)11(45.5)
9 C(F) 217 066 0.20 12(89.1) 13(5.4)
10 V(C1,C2) 208 103 0.51 1(6.0) 2(5.8) 4(15.2) 5(16.0) 6(15.6) 11(24.0) 12(6.8)
Il V(C2,C3) 334 120 043 2(7.3) 3(7.1) 5(21.6) 7(19.5) 8(20.1) 10(17.7)
12 V(F) 677 1.07 0417 4(7.7) 6(7.6) 9(33.6) 10(6.3)13(34.9)
I3_V(F.C3)  0.80 0.78 0.76 488.8) 6(8.9) 10(7.9) 12(65.2)

Tabla 3.5i Propiedades basadas en Ia ELF para el Punto (i) TS [1s,3s]F, poblacién de basines N,
desviacién estandar o(Ni), fluctuacién relativa AM(Ny), y contribuciones principales de otros
basines i(%) a 6%(N;). Resultados obtenidos al nivel de teorfa B3PW91/6-311G**.

Basin N o) AN) Anilisis de fluctuacién (%)
1 C(C3) 208 052 0.13 3(27.2) 7(31.8) 10(22.5) 13(7.0) 14(7.2)
2 C(C2) 210 052 0.13 5(28.9) 10(22.5) 11(19.0) 12(19.4)
3 V(C3H8) 204 080 0.31 1(11.4) 7(31.5) 10(25.0) 13(13.7) 14(9.0)
4 C(C1) 210 052 013 5(28.0) 8(27.3) 11(19.0) 12(18.5)
5 V(C1H4) 211 081 0.31 4(11.7) 6(5.5) 8(30.6) 11(23.9) 12(21.0)
6 V(C2,H6) 217 0.83 0.31 2(11.6) 5(5.2) 8(5.0) 10(24.6) 6(22.6) 12(23.1)
7 V(C3H7) 211 081 0.31 1(13.1) 3(31.0) 10(25.3) 13(14.0) 14(8.9)
8 V(C1H5) 209 082 032 4(11.0) 5(29.5) 6(5.1) 11(20.5) 12822.1)
9 C(F) 214 065 0.20 13(89.4) 14(6.4)
10 V(C3,C2) 205 1.02 051 1(5.8) 2(5.8) 6(16.0) 7(15.7) 11(11.2) 12(12.6) 13(6.9)
11 V(C2,C1) 167 099 058 2(5.3) 485.3) 5(16.0) 6(15.8) 8(14.2) 10(12.0) 12(26.5)
12 WC2,C1) 170 0.99 057 2(5.4) 4(5.2) 5814.0) 6(16.1) 8(15.3) 10(13.6) 11(26.5)
13 V(F) 6.75 1.07 0.17 3(7.6) 7(7.9) 9(32.7) 10(6.3) 14(37.1)
14 V(F,C3) 087 081 0.75- 3(8.9) 7(8.9) 10(7.4) 13(65.3)
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Tabla 3.5§ Propiedades basadas en la ELF para el Punto (i) TS [is,3s]F, poblacién de basines N;
desviacién estandar o(Nj), fluctuacién relativa A(Nj), y contribuciones principales de otros
basines i(%) a 2(Nj). Resultados obtenidos al nivel de teorfa BAPW91/6-311G**.

Basin N, o(N) A Anilisis de fluctuacién (%)
1 C(C2) 212 053 0413 8(28.5) 10(21.2) 11(18.2) 1331.2)
2 C(C3) 208 051 013 4(27.9) 7(29.3)10(22.3) 13(6.8) 14(9.4)
3 Cc(C1) 210 052 0.13 5(27.9) 6(27.4)11(19.4) 12(18.5)
4 V(C3H8) 208 080 0.31 3(11.5) 7(30.6) 10(25.0) 13(13.3) 14(10.5)
5 V(C1,H5) 211 0.83 032 3(11.2) 6(29.6) 8(5.4)11(22.0) 12(21.2)
6 V(C1,H4) 2.11 081 0.31 3(11.4) 5(30.8) 8(5.8)11(22.1) 12(22.8)
7 V(C3H7) 2.05 080 0.31 2(12.3) 4(31.1) 10(25.1) 13(12.9) 14(10.9)
8 V(C2HB) 216 0.83 0.32 I(11.7) 5(5.4) 6(5.5) 10(24.3) 11(22.5) 12(22.9)
9 C(F) 212 065 0.20 13(87.8) 14(8.3)
10 V(C3,C2) 202 1.01 051 1(5.7) 2(5.7) 4(15.6) 7(15.4) 8(16.1)11(11.7) 12(11.6) 13(6.6) 14(5.7)
11 ¥(C2,C1) 169 098 0.57 1(5.4) 3(5.5) 5(15.5) 6(15.1) 8(15.9) 10(12.6) 12(26.4)
12 V(C2,C1) 169 0.99 0.58 1(6.1) 3(5.2) 5(14.8) 6(15.3) 8(16.0) 10(12.2) 11(26.1)
13 V(F) 657 109 0.18 4(7.2) 7(6.9) 9(31.0) 10(5.7) 14(42.5)
14 V(F,C3) 1.10 088 0.70 4(8.7) 7(8.9) 10(7.6) 13(65.4)

Los resultados de éste tipo de andlisis cuantitativo para un proceso periciclico

(el primero reportado),” concuerdan perfectamente con la imagen intuitiva que

se tiene para un rearreglo sigmatrépico suprafacial de flGor en el sistema alilico.

Tal tipo de andlisis se muestra entonces como una ttl herramienta

complementaria no solo en su aplicacion a sistemas estacionarios, donde ha sido

mayormente explorado,*’ sino también en la descripcién de mecanismos de

reacci6én, 5!
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3.3.22  Migracion sigmatropica [1,3] de hidrégeno en Propeno

La reaccion de transferencia [1,3]de hidrégeno en propeno ha recibido un
gran interés desde el punto de vista teérico. El énfasis principal ha sido la
elucidacién de las estructuras de transicion implicadas, la dindmica y los
aspectos termodindmicos de este I;roceso periciclico fundamental.”*® Aunque
no existe evidencia experimental de tal rearreglo en hidrocarburos, se conoce en
sistemas como alenos sustituidos, 1-silapropenos, y 1-fosfapropenos,®
constituyéndose ademés en un sistema de prueba, en virtud de su tamafio, para

diferentes metodologfas computacionales.

8
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Figura 3.9 Modelo simple para describir las interacciones orbitales primarias del radical alil y un dtomo
de hidrégeno. Otras interacciones (superyacentes y subyacentes) podrian también ser consideradas,
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Con base en las reglas de conservacion de la simetria orbital de Woodward y
Hoffman® (ver Fig. 3.9), el camino de reaccién antarafacial [Is,3a] resulta

favorecido con respecto al suprafacial [1s,3s].

Es claro que el anélisis basado en tales interacciones orbitales describe
finalmente ambas estructuras de transicién en términos de dos fragmentos

radicalarios interactuando débilmente, y que el tratamiento mecano cuéntico

i i !

completo requerird de métodos correlacionados apropiados para tratar con tales
sistemas. Asf, aunque el estado de transicién antarafacial ha sido caracterizado
sin problemas sobre casi cualquier supetficie teérica, la estructura de transicién
:
proh?bida por simetrfa [1s,3s] que se predice con métodos monodeterminantales
pai'ece no existir a niveles superiores.”>>® Mas adn, hallazgos recientes al nivel
CASSCF/6-31G* revelan®™ que existe una interseccién cénica H/All para el
propeno que se asemeja a tal TS prohibido por simetria aunque con distancias
interatémicas més grandes. Se ha sugerido que los cuatro electrones
desapareados de tal estructura pueden recombinarse en diferentes trayectorias
que implican migraciones [1,2]H, [1,3]H y disociacién radicalaria.®
i '

No obstante tales aspectos concernientes a la naturaleza electrénica del estado
de transici6n suprafacial, resulta interesante analizar desde el punto de vista del

anlisis topol6gico de la ELF, una metodologfa en principio dependiente solo

73




de la densidad, si las densidades electrénicas basadas en métodos
monoterminantales retienen la informacién y los detalles internos de Ia
estructura electrénica de las estructuras de transicién predichas (ver Figura

3.10). Esto serd analizado a continuacién.

Todas las optimizaciones fueron realizadas con el programa Gaussian 98°°
empleando los niveles de teorfa HF/6-31G** HF/6-311++G** y B3LYP/6-
311+G*** Los puntos estacionarios correspondientes a reactantes y estados
de transicién fueron caracterizados mediante el anélisis vibracional y las
trt':lyectorias IRCY* se trazaron con el objeto de verificar que dichas estructuras
conectasen con los minimos correspondientes apropiados. El anélisis topol6gico
de- la ELF fue realizado con el paquete TopMod®? y los resultados gréficos se

analizaron con el programa Vis5d.>

La descripcion obtenida por los tres métodos anteriores para el propeno es
similar a resultados reportados antes por Savin y col.®” y por tanto no se
incluyen aquf. El analisis topolégico de la ELF revela en todos los casos
caracteristicas similares con los tres métodos empleados. La discusién se basara
aqui en los resultados obtenidos al nivel B3LYP/6-311+G**. Las Tablas 3.6 y 3.7
muestran los resultados obtenidos para la poblacién en cada basin Nj, su

varianza *(Ni), fluctuaciones relativas A(Nj), y el analisis de contribucion (%) de
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otros basines a o°(N;), para los estados de transicion antarafacial [1s,3a]H y

suprafacial [1s,3s]H, respectivamente.

9

[1s, 3a] TS

¥

e

a%-a

Figura 3.10 Geometrias optimizadas al nivel B3LYP/6-3111+G** correspondientes al rearreglo
sigmatropico [1,3] de Hidrégeno en Propeno. Se indica la nomenclatura que serd usada en la
discusion de los resultados.

Las figuras 3.11 y 3.12 indican los dominios de localizacién de los estados de
transicion antarafacial y suprafacial, respectivamente, para la isosuperficie
definida por ELF=0.80. En estas figuras queda de manisfiesto la distorsion de la
densidad de carga implicita en tales rearreglos periciclicos, como se discutira a

continuacion.
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Tabla 3.6 Propiedades basadas enla ELF para el TS [1s,3a]H, poblacién de basines I, varianza
o’(Nj), fluctuacién relativa A{Ny), y contribuciones principales de otros basines i(%) a o2(IN)).
(Resultados obtenidos al nivel de teorfa BBLYP/6-311+G**).

Basin N; () Al Fluctuaciones (%)
1 CCD 209 027 0.3 4(28.4) 5(22.7) 10(10.8) 1127.9)
2 C(C2) 2.08 0.26 0.12 6(29.5) 11(28.9) 12(28.9)
3 C(C3) 209 027 0.3 7(22.7) 8(28.5) 12(27.7) 13(10.9)
4 VHICH 212 068 032 1(11.2) 5(28.5) 9(5.3) 10(16.4) 11(27.2)
5 V(H2CI) 184 074 0.0 18.3) 4(26.3) 9(12.2) 10(14.7) 11(32.0) 12(31.9)
6 V(H3,C2) 215 065 030 2(12.0) 11(32.0) 12(32.0)
7 V(H4C3) 184 074  0.40 3(8.3) 8(26.3) 9(12.2) 12(25.3) 13(14.8)
8 V(HS5C3) 212 068 032 3(11.2) 7(28.6) 9(5.3)12(27.0) 13(16.5)
9 V(H6) 097  0.63 065 4(5.7)5(14.1) 7(14.1) 8(5.7) 10(18.3) 11(8.8) 12(8.7) 13(18.3)
10 V(C) 078 060 077 4(18.4) 5(17.9) 9(19.3) 11(24.4)
11 V(CIL,C2) 248 122 049 1(6.2) 2(6.2) 4(15.3) 5(15.4) 6(16.8) 10(12.1) 12(16.7)
12 V(C2,C3) 248 122 049 2(6.2) 3(6.1) 6(16.8) 7(15.4) 11(16.7) 13(12.3)
13 V(C3) 078 060 077 7(17.9) 8(18.4) 9(19.3) 12(24.4)

Tabla 3.7 Propiedades basadas en la ELF para el 1S [1s,3s]H, poblaci6n de basines Ny, varianza
o’(Ni), fluctuacién relativa ANy, y contribuciones principales de otros basines i(%) a o2(IN;).
(Resultados obtenidos al nivel de teorfa B3LYP/6-311+G*),

Basin N; (V) AN Fluctuaciones (%)
1 G 209 026 0.3 4(29.5) 5(30.7) 10(29.5)
2 C(C2) 209 026 013 9(13.5) 10(25.9) 11(25.9)
3 C(C3) 209 026 0.3 7(29.5) 8(30.7) 11(29.5)
4 vERCy 221 071 032 1(11.1) 5(33.5) 9(5.8) 10(33.3)
5 VELCD 234 079 034 1(10.5) 4(30.2) 8(5.0) 9(6.7) 10(33.9) 11(5.5)
6 VMHLCZ) 203 064 032 2(11.1) 9(19.9) 10(26.6) 11(26.6)
7 V@E5C3) 221 071 032 3(11.1) 8(33.5) 9(5.8) 11(33.3)
8 V(H4C3) 234 079 034 3(10.5) 5(5.1) 7(30.3) 9(6.7) 10(5.5) 11(33.8)
9 VEH6CZ) 140 075 054 4(5.5) 5(7.0) 7(5.5) 8(7.0) 6(16.8) 10(25.9) 11(25.9)
10 V(CILCZ) 249 126 051 1(6.3) 2(5.5) 4(18.9) 5(21.3) 9(15.7) 6(13.5) 11(12.0)
11 V(C2,C3) 2.49 1.26 0.51 2(5.5) 3(6.4) 7(19.0) 8(21.3) 9(15.7) 6(13.6) 10(12.0)

TS [1s,3a]: De la Tabla 3.6 se desprende que Ia simetrfa Cz del sistema queda

reflejada directamente en el andlisis ELF resultante. Los tres atractores de core

C(C1), C(C2), C(C3) con poblaciones centradas en 2.08e aparecen con los més




bajos valores de deslocalizacion (0.12). Los cinco basines correspondientes a los
enlaces C-H, aparecen con valores medios de deslocalizacién (0.30-0.40) y con
patrones de fluctuacion que muestran las mas altas contribuciones proviniendo

de los basines V(C,C) y los vecinos V(C,H) mas proximos. (>25%).

V(C3,C2)

V(C2,H3)
V(C2,C1)

V(C1,H1)

V(C1,H2)

Figura 3.11 Dominios de localizacion de la ELF para el estado de transicion [1s,3a] del rearreglo
de H en propeno (isosuperficie ELF=0.80), basado en resultados al nivel de teoria B3LYP/6-
3111+G**. Aparecen en rojo los basinesde core (C), en verde los basines de valencia V(C,C), en
azul los basines protonados V(C,H) y el basin monosindptico del centro que migra V(H6), y en
violeta los basines monosinapticos V(C1) y V(C3).
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Los dos basines V(C,C) llevan poblaciones de 2.48e (A=0.49) y sus patrones de
fluctuacién indican que se encuentran fuertemente acoplados entre si y con los
basines V(C) adyacentes. Los tres basines monosindpticos V(H6), V(C1) y
V(C3) estan relacionados directamente con la transferencia del dtomo de H
desde CI1 a C3. Notese que estos basines presentan altos valores de
deslocalizaci6n y fluctuacién entre ellos y con los correspondientes VCO ¥y
V(CH) més préximos. Asf por ejemplo, V(C3) tiene una poblacién de 0.78e
(2=0.77) con contribuciones de 24.4%, 19.3%, 18.4% y 17.9% de V(C2,C3), V(HS),
Vﬁ(CS,HS) y V(C3,H4) respectivamente. V(Cl) muestra un comportamiento
simétrico a V(C3) mientras que V(H6) establece el vinculo entre ellos y los dos
ba;‘.ines disindpticos V(C-C) que sufren el rearreglo del doble enlace. La imagen
presentada por el andlisis topolégico de la ELF (Tabla 3.6, Fig. 3.1} es entonces
la de una estructura que corresponde a la imagen intuitiva del proceso
periciclico ‘antarafacial, donde el centro migrante permanece en continua
interaccién con los carbonos terminales y la densidad del doble enlace que se
rearregla aparece fuertemente acoplada. En forma similar al caso del rearreglo
[1s,3s]F en 3-fluor propeno, el papel de los basines V(C,H) como receptores

transitorios en el flujo de la carga electrénica queda explicitamente manifiesto.

78




TS [1s,3s]: El analisis de las propiedades en la Tabla 3.7 conduce aqui a una
imagen del TS prohibido por simetria en términos de la interaccion de un dtomo

de hidrégeno (H’) con un radical alil (C3Hs).

V(C2,H3)

\"(CI,HZ_) V(C.},HS)

V(CLH) | o V(C3,HY)

V(C2,C1) V(C3,C2)

Figura 3.12 Dominios de localizacion de la ELF para el estado de transicion [1s,3s] del rearreglo
de H en Propeno (isosuperficie ELF=0.80), basado en resultados al nivel de teoria B3LYP/6-
3111+G**. Aparecen en rojo los basinesde core(C), en verde los basines de valencia V(C,C), en
azul los basines protonados V(C,H) y el basin monosinaptico del centro que migra V(H6).
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Nétese por ejemplo que el basin disinaptico V(C2,H6), asociado a la posicién del
H que migra, tiene una poblacién de 1.40e con un valor mediano de
deslocalizacién (A=0.54), principalmente hacia los basines V(C,C) (25.9%) y
V(C2,H3) (16.8%). Los basines V(C,C) acumulan cada uno 2.49% (A=0.51) cuyos
patrones de fluctuacién. indican la participacién importante de los V(C',LH)

adyacentes. La fluctuacion sobre la posicion del centro que migra alcanza solo

el 15.7%.

Resulta entonces directo del analisis de Ios datos en las Tablas 3.6 y 3.7 que la
descripcién de la estructura electrénica presentada por el analisis topolégico de
la ELF para ambas estructuras de transjcién (un rearreglo periciclico concertado
pa'ra el TS antarafacial y dos fragmentos radicalarios interaccionando parael TS
suprafacial), complementa de manera semiquantitativa las conclusiones basadas
en las reglas de conservacién de la simetria orbital®® Por supuesto el analisis
presentado estd basado solo en funciones de onda monodeterminantales aunque
los resultados dependen muy ligeramente de la calidad de tal representacion.
Estudios que impliquen densidades electrénicas obtenidas con mejores métodos
(CASSCEF, I, etc.) serén dtiles con el objeto de discutir si la topologifa de la ELF
retiene atin la informacién electrénica relevante.'® Este es un aspecto importante

que queda abierto a mayor investigacién.
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3.3.3 Anailisis del principio HSAB en el contexto de los indices globales de

reactividad

Entre los aspectos més relevantes a la reactividad global, el principio de
4cidos y bases duros y blandos (HSAB) juega un papel muy importante.”"* En
un estudio teérico de las interacciones entre los 4cidos Ag* (blando) y HF (duro)
con las bases XHs (X=N,P,As) en la fase gaseosa,"4 se ha observado que aunque
el nivel Hartree-Fock es suficientemente adecuado para explicar las
interacciones que involucran al 4cido duro HF en un contexto HSAB, atn al
n;vel MP4SDTQ,” se predice que Ag* forma complejos més estables con NHs
que con PH;, en clara contradiccion con el principio HSAB. Es pues claro que
los efectos de correlacion juegan un papel importante en el caso de las
interacciones del 4cido blando Ag* debido a su core més polarizable. Con el fin
de estudiar detalladamente los posibles factores que son importantes en la
modelacién de estas interacciones, se han abordado aquf algunos aspectos
computacionales concernientes a los posibles efectos de solvente, efectos de

superposicién de base (BSSE) y el uso de pseudo potenciales en el estudio

teérico de dichas interacciones.
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Todos los célculos fueron realizados con el programa Gaussian 98.*° Las
geomefrias de los complejos formados por Ag* y HF con NHs, PHs y Asts
fueron completamente optimizadas y caracterizadas (analisis de frecuencias) al
nivel de teorfa B3LYP/6-311+G* 7 En el caso de Ag* y As, se emplearon los

pseudopotenciales ag-ecp-mwb 4-28 y as-28-mwb4-28, respectivamente.”’

Con el fin de determinar las interacciones méas favorables, las correspondientes
energfas de reaccién fueron calculadas de acuerdo con las ecuaciones siguientes,

donde los efectos BSSE han sido incorporados.”™” Asi, para el caso de Ag* se

tiene que:
AL, = E[Ag....XH,]’ _EAg+ —EXHJ > (17)
AL = E[Ag----mal* B E‘Af(mi) - E'MJ(AE) > (18)
y
AE, =AB+ (B, ~Ey,] >0, (19)

donde las diferentes energfas equivalen a,

Elagxms™  : Energfa total del complejo [Ag.. XHa]*.

82




E Ag+
E xm

E* pgtxi3)

E* 313 ag)

E'yy

: Energia total del 4cido blando Ag* aislado.

: Energfa total de la base XHs aislada.

: Energfa total de Ag" en presencia de la base de XHs (en la

configuracién adoptada en el complejo).

: Energfa total de XHs en presencia de la base de Ag* (en la

configuracion adopta“da en el complejo).

: Energfa total de X3 en la configuracién adoptada en el complejo

excluyendo el atomo de Ag,.

En el caso de la formaci6n de complejos del dcido duro HF, las correspondientes

energias de reacci6n se calcularon a través de relaciones similares,

AEo = E[m....mg] - Ey ‘EXH, ) (20)
AE, = E[m X, E 'm(ma) ~-E ‘m,(FH ), (21)
AEZ = AEI + [E'XH3 —Em! ]I (22)
AE3 = AEZ. + [EIHF '_'EHF ]r (23)
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donde,

E[m.x3]
E ur

E XHa

E* r pan)

: Energia total del complejo [FH..XHz]*.
: Energfa total del 4cido duro HF aislado.
: Energia total de la base XHs optimizada (aislada).

: Energfa total de FH en presencia de la base de XHs (en la

configuracién adoptada en el complejo).

: Energia total de XHs en presencia de la base de FH (en la

configuraci6n adoptada en el complejo).

: Energfa total de XHs en la configuracién adoptada en el complejo

excluyendo el 4tomo de Ag.

: Energia total de HF en la configuracién adoptada en el complejo

excluyendo el grupo X,

Los efectos de solvente (F20) se trataron con los modelos de Onsager (dipole)®

PCM.## Se emplearon varios niveles de teorfa, aumentando paulatinamente
y P P

el grado de correlacién, HF, MP2, MP4SDTQ, DFT/B3LYP. La dependencia del

conjunto base también se estudié usando las bases de Dunning*

La Figura 3.13 muestra algunos de los parametros estructurales de las

geometrias calculadas al nivel B3LYP/6-311+G** para los complejos de Agty
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HF con las diferentes bases. La geometria del complejo [Ag-HsAs]* reportada
previamente” no existe como un minimo al nivel de teoria empleado aqui
(presenta dos frecuencias imaginarias) y no se ha incluido en el presente

estudio.
3.3.3.1 Complejos [Ag-XHs]*, X= N, P, As

De la Tabla 3.8, queda claro que la especie Ag* es més blanda que todas las
bases XHs y que los valores de dureza de los complejos formados con NHs y
PHs son similares. En las Tablas 3.9 y 3.10 se reportan los datos necesarios para
hace}' las correcciones BSSE a través de las Fs. (17)-(19).  Nétese

inmediatamente que estos efectos se muestran més importantes que los de la

propia energfa total o los de la correccién del punto cero de energia (ZPE).

Los resultados de los efectos de solvatacién reportados en la Tabla 3.11, indican

que éstos por su parte no deben ser muy pronunciados.

La Tabla 3.12 reporta célculos puntuales de energia empleando las bases
correlacionadas de Dunning. La Tabla 3.13 presenta finalmente las energfas de
reaccién para la formacién de los complejos de Ag*. Como puede observarse

del andlisis de las columnas 1 y 2, la influencia del pseudopotencial no es
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significativa. Los errores por ZPE son ademas sélo de un 5% de la energia de

union.
(a) (d)
0.96
3 3 1.67
(b) (d)
0.93

y 2.31

11580 44
(c) (f)

0.93

yd 2.42

122.35 )

116.38 9

Figura 3.13 Geometrias optimizadas al nivel B3BLYP/6-311+G** para los complejos del acido
blando Ag* (a-¢) y el 4cido duro HF (d-f) con las bases NH;, PHs, y AsHs, respectivamente.
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Dado que Ag* es un 4cido blando, la correlacién es efectivamente bastante
importante, como queda claro de los resultados MP2 y B3LYP en comparacion
con los de HF. Puede apreciarse también que el solvente, tratado con estos
métodos, no posee una influencia efectiva para cambiar el orden predicho de
reactividad (se predice en solucié;x que Ag* adn prefiere unirse a NH; respecto
al PHa). Es claro que los modelos de solvente usados afectan poco la dureza o
atin las funciones de Fukui.®* E} efecto importante reside claramente sobre los
efectos BSSE, como puede apreciarse de los valores de AEq, AF; y AE:z obtenidos
a través de las Ecs. (17)(19). Sélo AEi, que incluye efectos de relajacién nuclear

predice el érden correcto de estabilizacion en un contexto HSAB.

Los efectos de correlacion introducidos con las bases de Dunning (Tablas 3.12 y
3.14) disminuyen la diferencia de energia en la formacién de estos complejos

aunque si bien su estabilidad final es siempre comparable.

Tabla 3.8 Energias totales a BBLYP/6-311+G**, ZPE y dureza global 7 para las diferentes especies en el
vacio.

Especie E, au ZPFE, au 1, au
Ag’ -146.6775 0.0 0.1197
NH; -56.5826° 0.0342 0.1406
PH; -343.1733 0.0239 0.1370
AsH; -8.0088 0.0217 0.1374

[Ag..NH;]" -203.3360 0.0383 0.1020
[Ag..PH;]" -489.9239 0.0269 0.1001
[ég..Ang] -154.7535 0.0246 0.0966
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Tabla 3.9 Energfas totales a B3LYP/6-311+G** (single point), ZPE y dureza global 1 para las
bases XH3 bases en las conformaciones adoptadas en los compiejos optimizados [Ag.. XH;]*.

Especie E’, an ZPE, au 1, au
NH; -56.5826 0.0341 0.1410
PH; -343.1676 0.0241 0.1251

AsH; -8.0015 0.0222 0.1235

Tabla 3.10 Energfas totales B3LYP/6-311+G*, ZPE y dureza 1 para Ag+ y XH3 incluyendo las
correciones BSSE (célculos single point en presencia de la base de (X) en las conformaciones
adoptadas en los complejos optimizados [Ag..XHs]*.

Especie E*, au ZPE, au 1, au
Agt (NH;) -146.6778 0.0 0.1197
Ag" (PH,) -146.6778 0.0 0.1197
Ag"  (AsH;) -146.6778 0.0 0.1197
NH3 (Ag) -56.5841 0.0341 0.1291
PH3 (Ag) -343.1685 0.0241 0.1210
AsH3 (Ag) -8.0017 0.0222 0.1174

Tabla 3.11 Energfas totales B3LYP/6-311+G*, y dureza

estacionarios empleando diferentes modelos de solvatacion.

M(ua) para todos los puntos

Especie DIPOLE PCM
E 1 E n
Ag" -146.6775 0.1197 -146.8047 0.1163
NH; -56.5843 0.1440 -56.5913 0.1457
PH; -343.1736 0.1378 -343.1744 0.1384
AsH; -8.0088 0.1375 -8.0092 0.1378
[Ag..NIL} -203.3362 0.1011 -203.4414 0.1011
[Ag..PH;]" -489.9240 0.1016 -490.0203 0,1024
[Ag..AsH,T -154.7541 0.0938 -154,8454 0.1022

Tabla 3.12 Energfas totales a B3LYP/6-311+G* empleando algunas de las bases de correlacién

de Dunning.
Especie ce-pVDZ® cc-pVIZ® cc-pvVQZ® ce-pVQZ™
NH; -56.5535 -56.5846 -56.5913 -56.5914
PH; -343.1599 -343.1800 -343.1850 -343.1850
[Ag..NH;]" -203.3172 -203.3404 -203.3452 -203.3449
[Ag..PH;]" -489.9116 -489.9310 -489.9363 -489.9365

a) Calculos single point sobre las geometrfas optimizadas en el vacio a B3LYFP/6-311+G* con
gie P 8 P
psuedopotenciales sobre Ag* y As.

(b) Geometrias complemante oplimizadas a este nivel de feorfa {para Ag* se usaron
pseudopotenciales.)
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Table 3.13 Energfas de reaccién a B3LYP/6-311+G** (kcal/mol).

Especie Pseudopotencial  Efecto de correlacién Efecto del BSSE
(con ZPE) solvente
™ 2" HF MP2 B3LYP Onsager PCM AE, AE, AE;
[Ag-NH;] -45.0 -45.3 335 417 450 -46.7 284 -45.0 -438 439
[Ag-PH,] -44.0 -43.8 -28.8 -382 -440 -45.8 -25.8 440 -469 432
[Ag--AsH;]" -40.3 -40.3 -26.1 -34.1 -40.3 -42.5 -19.8 403 -449 -400
(a) Pseudopotenciales aplicados a Ag* y As solamente,
(b) Pseudopotenciales aplicados a todos los 4tomos excepto Hidrégenos.
Table 3.14 Energfas de reaccién a BBLYP/6-311+G** (kcal/mol).
cepVDZ®  ccpVTZ®  copvQz® +ZPE  +ZPE+ BSSE
[Ag..(NH3)]" -54.1 -49.1 -47.9 -45.3 -44.2
[Ag.(PH;)]" -46.5 -46.1 -46.3 -44.4 -43.6

(a) Calculos sin ZPE y sin BSSE, Debido a limitaciones computacionales, no fue posible estimar los

ZPE ni BSSE. Se han asumido efectos aditivos.
¥

33.3.2  Complejos [FH-XH;], X=N, P, As

Célculos similares para las interacciones del 4cido duro HF con las bases XHs

muestran que las predicciones correspondientes estin siempre en acuerdo con el

principio HSAB. Como puede concluirse de los datos reportados en las Tablas

3.15 - 3.19, las tendencias de estabilidad en un contexto HSAB (es decir, NHs <

PHs < AsH3) no varian en virtud del método de célculo, el solvente o la base

utilizada,
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Tabla 3.15 Energfas totales a B3LYP/6-311+G*, ZPE y dureza global para las diferentes
especies en el vacio.

Especie E, ua ZPE, ua 1, 1a
FH -100.4824 0.0093 0.2129
NH; -56.5826 0.0342 0.1406
PH; -343.1733 0.0239 0.1370

AsH, -8.0088 0.0217 0.1374
[FH----NH;] -157.0877 0.0484 0.1567
[FH----PH;] ~-443.6645 0.0363 0.1456
[FH----AsH,] -108.4974 0.0337 0.1427

Tabla 3.16 Energfas totales a B3LYP/6-311+G* (single point), ZPE y dureza global para las
bases XH3 bases en las conformaciones adoptadas en los complejos optimizados [FH.. XH;].

Especie E’, ua ZPE, ua 1, ua
NH; -56.5826 0.0081 0.2064
PH; -343.1729 0.0088 0.2105

AsH; -8.0084 0.0089 0.2322
FH(NH;) -100.4808 0.0342 0.1407
FH(PH,) -100.4821 0.0241 0.1342
FH(AsH;) -100.4520 0.0289 0.1346

Tabla 3.17 Energfas totales B3LYP/6-311+G** (single point) para FH y XH; incluyendo Ias
correcciones BSSE en presencia de la base de (E) en las conformaciones adoptadas en los
complejos [FH:---XHs} optimizados.

Especie E, ua 1, ua
FH (NH;) -100.4812 0.1976
FH (PH;) -100.4824 0.1979
FH (AsH;) -100.4824 0.1987
(FI) NH; -56.5839 0.1389
(FH) PH; -343.1735 0.1345
{FH) AsH, -8.0085 0.1341

Table 3.18 Energfas totales B3LYP/6-311+G* y energias de reaccién con diferentes modelos de
solvataci6n (Hz0).

Especie PCM <1, ua Dipole 1}, Uz
FH -100.4934 i 0.2285 ~100.4856 0.2209
NH; -56.5913 0.1457 -56.5844 0.1443
PH; -343.1744 0.1427 -343.1735 0.1378
AsH; -8.0092 0.1378 -8.0088 0.1375
[FH:--NI;] -157.1043 0.1620 -157.0979 0.1640
[FH-+-PH;] -443.6711 0.1472 -443,6695 0.1477
[FEE---Astl;] -108.5030 0.1442 -108.5013 0.1433
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Tabla 3.19 Energfas de reaccion a B3LYP/6-311+G** (kcal/mol).

Reaccidn AE, AEy AE; AE, AE; PCM Onsager

(sin ZPE) (conZPE) (sinZPE) (con ZPE) (sin ZPE)
FH + NH;

-142775  -11.2247 -14.2004 -14,1976 -13.2367  -12.2837 -17.4557
=[FI-I----NI.13]
FH+PH;

- - 5. . -5.02 20697  -6.478

FH--pH 55424 36085 53851 5.1726 50253 -2.069 9
FH + AsH, - ) ; - 4

[FH--AsH, 39531 22701 4.0827  -3.8658 3.7678  -0.2732 43379

Asf, el cédlculo de propiedades en interacciones moleculares que involucran
especies blandas depende en gran medida de los métodos y aproximaciones
empleadas. En particular, se ha mostrado del anterior anélisis del principio
HSAB, que para Ag* los errores BSSE y de relajacién nuclear, asf como la
c01:relaci6n son fundamentales en la estimacién de diferencias energéticas tan
pequefias. En el caso de las interacciones duras, las aproximaciones de Hartree-

Fock o DFT con bases medianas ser4 suficientemente adecuado,

3.4 Comentario final

En este Capftulo y tanto en el contexto del analisis local (temperaturas
electrénicas, y topologia de la ELF) asf como global (HSAB), se ha mostrado
explicitamente la aplicabilidad de varias herramientas y descriptores como

indices de reactividad electr6nica. Ejemplos particulares fueron abordados
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tanto para sistemas estdticos (H20, Ag'.XHs;, HF.XHs; X=N,P,As) como
reaccionantes {procesos periciclicos [1,3]H y [L3]F en el sistema alilico),
contribuyendo en cada caso a la elucidacién de aspectos especificos de las

proclividades reactivas caracteristicas de cada istema.
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Abstract

The possibility of gaining insight into chemical bonding and reactivity through various local temperatures and associated
entropy densities is explored. Comparisons of these quantities with other local reactivity descriptord like the electron density,
the Laplacian of the density, the Fukui function and the clectron localization function are made. The wator molecule has
been chosen as a protolype for analyzing the above-mentioned quantitics, The piobal entropics are alse calculated for the
atoms He to Ne. Most of the local quantifics preserve the molecular symmoetry and some are well suited for use as reactivity
indices. © 1999 Elsevier Science B.V. All rights reserved.

¢ 1. Introduction and
Density functional theory (DFT) [1,2] has been 1 {3’
found to be highly successful for aiding our under- 913 N2 - (2)
mr

standing of molecular structure, properties, bonding,
reactivity and dynamics. DFT also provides [1] quan-
titative definitions of popular qualitative chemicat
concepts like electronegativity ( ) and hardness ().
For an N-electron system with a fotal energy E,
these quantities are defined as the following first-
order [3] and second-order [4] derivatives

where v(r) and 1 are, respectively, the external and
chemical potentials. Electronegativity was introduced
by Pauling [5] as the “*power of an atom in a
molecule to attract electrons to itself”’ and was made
use of by Sanderson [6] in his electronegativity
equalization principle. Hardness was introduced by -

AE Pearson through his hard—soft acid—base [7,8] and
X= —H=— (FN—) - (1) maximum hardness [9-12] principles. The hardness
ne can be approximated by [9]
n=(1—-4)/2 (3)
® Corresponding author. Fax: +562-2712973; E-mail: . e .
pluentea@abello.dic.uchile.cl where I and A are the jonization potential and elec-
! E-mail: pkcj@hijhi fitkgp.crnct.in tron affinity of the systemn, respectively. Using
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Koopmans® theorem, Eq. (2) can be further approxi-
mated as [9]

n= (5, — ) /2 (4

where £, and g are the lowest moccupied and
highest vccupied molecular orbital energies, respec-
tively.

Equivalently, hardness can be expressed [13] as
follows

m=— [ [1(rP )Y p(r) ar ar 5)

where 7(r,r") is the hardness kernel [13] and /r) is
the Fukui function [14] defined as follows:

0-[%7]., ©

The electron localization function (FLF) [15-18]
has been shown to be a reliable descriptor of chemi-
cal bonding, It is defined as follows [15]

L(r) = {1 + [?—-——-—z((’;((:)))) } . ™)

In Eq. (7), D(p(r)) and t;;( p(r)) are, respectively,
the local excess of kinetic energy due to Pauli repul-
sion [15] and the kinetic energy density for an homo-
geneous electron gas, viz.

D( p(r)) =txs( p(r)) = tw( p(r)) (8)
and
tr( p(r)) =cip(r)*”. (9)

In Eqs. (8) and (9), #¢ and ¢y, are, respectively,
the Kohn—Sham (KS) and von Weisszsaecker (W)
kinetic energy densities and ¢, is the Thomas--Fermi
(TF) constant,

Ghosh et al. [19] have demonsirated that a locai
(hermodynamic description of the many-electron Sys-
tem can be developed within the purview of ground
state DFT, A local temperature 0(r) is defined in
{erms of the kinetic energy density

1((p(r)) = 3p(r)kp6(r) (10)

ky being the Boltzman constant,

The associated entropy density s(») is given by
[19,20]

s(r)=%k;,p(r){z\+lu[;%%]} (11)

where the constant X is

5 411'6';:
=—+4In " (12)
3
The global entropy is given by
= [s(r)dr (13)

which is equivalent to the Shannon entropy of infor-
mation theory [21] and becomes a maximum for the
most probable distribution [22], It would be interest-
ing to see whether the maximum entropy principle
[22] and the maximum hardness principle [9,10] are
somehow related. An extension of the thermody-
namic formalism has been also published [23], and
the relationship with the electronic entropy intro-
duced by Gadre and Bendale [24] clarified [20].

In the present work, we explore the possibility of
gaining insight into the chemical bonding and reac-
tivity through various types of local temperatures
and the associated entropy densities. The local tem-
perature has been calculated for atoms [25] and
molecules [26]. Here, comparisons of these quantities
with other local reactivity descriptors like p(r) and
JUr) and bonding descriptors like L(r) are made, The
water molecule has been chosen as a prototype for
investigating the mentioned quantities. A theoretical
background of the present work is given in Section 2
and Section 3 contains the computational details,
Section 3 also provides the results and discussion
and Section 4 presents some concluding remarks.

2. Theoretical background

An ideal gas expression (Eq. (10)) for the kinetic
energy density defines the local temperature 8(r). In
the present Letter, we analyze various temperatures
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associated with respective kinetic energy densities,
viz.
t(p(F)) =3p(r}kpf(r); x==TF, W,KS,

(14)

where
txs( p(r)) =1 LnlV,(r)l* (15)
p(r) = Lnlo(r)P |
and
Vo(r) -Vp(r
(o) = gl (16)

In Eq. (Eq. (16)), the sums run over the first N

occupied KS orbitals (¢} with occupation numbers
(n,}. Note that the kinetic energy density is not
uniquely defined. It is always possible to add the
Laplacian of the density times an arbitrary factor.

LH

4)

Now, the corresponding entropy densities can be
written as

3 t.(p(r)
sx(r)m-ikl,p(r){:\+ln m } (17)

and the global entropies turn out to be

Sx=fsx(r) dr. | (18)

It is easy fo prov'ide a thermodynamic interpreta-
tion for the ELF in terms of the local temperatures,
viz.

L(r) ={1 +[e.<s(2;gw(r)] } 19y

In order to obtain more insight into the local
reactivity, we have generated the ocal tempetatures

€)

Fig. L. For the water molecule the caleulated plots of (a) —V7p; (b) @p(r); (c) Gy (r); () Oys(r); () [Oys(F)}-O 4 (r))/ O (r); (B

ELF, in au
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and entropy densities for the following kinetic en-
ergy densities [31,32] which reproduce the global
kinetic energy, provide satisfactory local behaviour
and acceptable functional derivatives:

4=t + 4y, (20)
=4 —3Vp(r), ‘ (21)
and - 7 - ,

=1 —~ %Vzp( r)t (22)

The Laplacian of the electron density appearing in
the two- last equations by itself plays an important

role in the understanding of chemical reactivity [27]. .

3. Resulis and discussion

The density and KS orbitals for the water molecule
have been generated from a B3LYP calculation with
a2 6-311G" " basis set. The B3LYP method consists

of a hybrid exchange-correlation functional which is
characterized by the inclusion of part of the
Hartree—Fock exchange calculated with the XS or-
bitals [28,29). All the calculations were done using
the GAUSSIAN 94 program [30].

Fig. [ presents the spatial profiles (contour plots)
of the negative of the Laplacian of the density, TF,
W and KS temperatures, (@yq—0y )/ @1 and the
ELF. In all these plots, molecular symmetry is well
preserved. Two islands characterizing the positions
of the hydrogen nuclei are reproduced in the Lapla-
cian of the density @y, (@y—@y)/ O, and ELF
plots. The magnitude of the local femperature is
generally high near the nuclear sites, as is expected
from the stability of the molecule, Electrons near the
nuclear sites have a very high kinetic energy. Note
that the Laplacian of the density goes to much higher
values near the nuclear sites. The strikingly similar
topography of (@yg—0y)/ O and ELF supgests
that this thermodynamic quantity can be used in
analyzing chemical bonding in the same way as has

Fig. 2. For the water molecule the plots of (1) @s(r); (b) ©,(r); (©) @,(r); (d) @y(#).
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"Fig. 3. For the water molecule the plots of (@) f(r); () p(r); (c} sy, (#)/ky; (d) 55 (r)/ k.

20 ~
80 -1

E ~l—~ Thomes-Tamt

. — -~ VonWetesreck
I - T, ~

] T

wer T -~

60 - rthon S ,-f-"

50 -/l

4 -
B pd e
p % e T
+ R et v
30~ ‘ //’ et
1 S
20 v = = ey
s ——
4 i B e —
10 ] " e 9)/'—-—
] "
0 T T ¥ L 1 T T T ¥ T T T ] T ¥ L ¥
1 2 3 4 5 8 7 B 9 10
Atomic Number
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Table 1

Global entropies for atoms using vatfous kinetic energy density
definitions (in units of kp). For the definition of the diffcrent
kinetic energy densities, sce the text

Atom Sn: Sw SI Sz S3 SKS

He 1246 1441 13.32 6.34 8.09 1438
Li 18.69 2151 19.87 1011 1202  23.16
Be 2492 2742 2635 1395 1640 3136
B 315 3329 3274 1681 2037  39.51
C 3738 3883 3901 2062 2477 4744
N 43.61 4412 4545 2432 29.76 5534
0O 49.84 49331 51,79 2798 34,72 G3.38
F 56.08 5430 58161 3199 3984 7130
Ne 6231 59.12 6443 3624 4547 79.19

been done using ELF [{5]. The local temperatures
associated with ¢, £, and ¢, are given in Fig. 2 and
are compared with the KS temperature. Only the
temperature associated with ¢, shows the presence of

T T T
10 15 20

r, ay

+
Y
t, au

119

the hydrogen atoms. The values of the temperatures
corresponding to 1, and ¢, are clearly dominated by
the Laplacian of the density.

The local behaviour of the Fukui function and
different entropy densities in units of kg are depicted
in Fig. 3. The Fukui function calculated as [$;qpol’
mimicks the topography of the density which also is
the case with all the entropy densities, s (r); x = TF,
W, K8, The TF entropy density is not shown be-
cause it is almost identical to the KS entropy deunsity.
If we compare the contour plots of these entropies
with that of ELF it becomes evident that they are
grossly similar, Only the W entropy density repro-
duces the local islands near the nuclear sites which
may be considered to be a ramification of the fact
that 4 (p(r)) reproduces the exact kinetic energy
density near the nucleus [31,32),

In Fig. 4 and Table 1, we present the global
etitropies in units of ky for some atoms. It is clear

=
1 40
F .
10+
A
y - T T T 1
0.0 05 16 15 20 28 0
T, nu
a0+
d)
10
LB ﬂ
50
—
-§‘ R
30
20}
10+
a L) v L] v ¥ ¥ L3 T L
00 [ 1.0 185 20 28 20
I, au

Fig. 5. Radial distributions of the local entropies for ihe neon atom: (8) 4wr’p; () 4orrisy Shn; (€) dmrtsys Sky; () Amris, fkg; ()

4mris, fky, in au
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that all of them show a similar trend. They increase
with atomic number, and they are very similar to the
ones calculated in Ref. [20]. The absolute S values
are tnuch higher than the sofiness values but it is
expected that a propottionality between them exists,
In Fig. 5, the radial distributions of the local en-
tropies for the neon atom are shown. The TF local
entropy is just the density times a constant. There-
fore, it is not plotted. It is interesting to note that the
W as well as the 1, local entropies very closely
follow the density plot. This is a consequence of the
similar bahaviour of the local TF kinetic energy
density and the W and ¢, kinetic energy densities.
On the other hand, the KS local entropy presents a
different behaviour becoming negative near the nu-
cleus and decaying more slowly at a larger distance
than the others. Since the locaf entropies using 1,
and f, are very similar to each other, only the one
generated by ¢, is shown. They are clearly domi-
nated by the Laplacian term. The atomic shell stru-
cure is clearly manifested in all these plots. It is
interesting to note that Nagy and Parr [20] favored
fgs as determining local temperature and entropy.
They also pointed out the relationship of the local
temperature with the average local ionization energy
introduced by Politzer et al, [33],

4, Conc!usions‘

In this Letter, it has been shown that the most
important quantities introduced in the local thermo-
dynamic description of a molecule within density
functional theory can be calculated and analyzed, It
has been shown that the local temperatures and the
associated entropy densities are closely related to the
electron localization function, ELF, and some of
them can be used as bonding and reactivity indices.
The calculated atomic global entropies show similar

.trends as the atomic number increases.
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The [1,3] sigmatropic shift of the fluorine atom in the 3-fluorpropene system has been studied from
the topological analysis of the electron localization function (ELF). All calculations have been
carried out at the B3PW91/6-311g** level of theory. The allowed suprafacial pathway through a
concerted four-membered C, transition state (TS) has been characterized in terms of an ion pair
structure which shows the halogen atom bearing — 0.6e. The ionic nature of the TS is supported by
the absence of any polisynaptic basin connecting the fluorine and the allyl fragments in this
stationary point. Finally, the evolution of the bonding characteristics along the intrinsic reaction
coordinate reaction path has been analyzed in detail in terms of the basin properties of the ELF
function. © 2001 American Institute of Physics. [DOI: 10.1063/1,1328397]

INTRODUCTION

]

‘ Pericyclic sigmatropic rearrangements are very useful in
the desipn of synthetic routes to organofiuorine
compounds,'” These transformations have becn suggested to
be involved in the pyrolysis of poliffuorinated compounds.**
The [1,3] sigmatropic shift of the fluorine atom has been
observed in the thermal rearrangement of the Diels—Alder
adduct of hexafleorobicyclo]2.2.0]-2,5-hexadiene  and
2,3-dimethyl-1,3-butadiene,™® and in the pyrolysis of
polyfinoracyclohexadienes.” This fundamental migration of a
fluorine atom has also been recently observed above 40 °C in
a 2-phospha-1,3-disilaallyl fluoride derivative.?

Sutprisingly, there are few studies about the reaction
mechanism of the [1,3] sigmatropic shift in the simple case
of the 3-flnorpropene (3FP) molecule. Early theoretical ap-
proaches to this reaction system are based on
semiquantitative’ and semiempirical models.""'? These
works were devoted to the elucidation of structural aspects of
mechanism and the discussion of solvent effects on the reac-
tion path. More complete studies have not been reported pre-
viously, Very extensive work however, both experimental
and theoretical [from semiempirical, Hartree—Fock (HF) and
density functional theory (DFT)} based models], have been
devoted to the elucidation of the structure and thermody-
namical properties of the 3FP in several conditions.’ "
Conformational stabilitics and equilibrium, torsional barriers
to internal rotation, vibrational assignments, normal mode
analysis, and general thermodynamic functions have been
the main focus of research on the 3FP molecule for the last
20 years. The literature on this subject has been revised
recently.!?

The Woodward—Hoffmann'®'” selection rules fora [1,3]
sigmatropic shift of a fluorine atom suggest that it must oc-
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cur via a concerted four membered transition state (TS) with
a suprafacial stereochemistry. Based on the available
data,”'? the intrinsic ion pair nature of the transition state
remains an open problem. It may be useful to elucidate the
bonding characteristics along this important pericyclic reac-
tion process.

The topological analysis of the electron localization
function (ELF) of Becke and Edgecombe'® provides a con-
venient partition of the molecular space into basins of attrac-
tors which can be interpreted on the basis of the simple
Lewis’s model of chemical bonding."® This methodology has
been proved to be a powerful tool for the description of the
nature of chemical bonding in several systems;'”>2 even
though it has been applied to a lower extent to chemical
reactions. For instance, the ELF analysis has been applied to
the study of the inversion of ammonia, to the breaking of the
cthane C-C bond, and to the dissociation of BH;NH,
specie,” to the proton transfer in malonaldehyde,?* to the
chemical bond evolution in the isomerization of XNO
(X=H, CI),* and to the proton transfer in the protonated
water dimer (H502+).% Several applications of the topo-
logical analysis of the ELF function have appeared recently.
Among a few examples are the study of the structure in
strontium clusters,’” the study of the strain energy in carbon
compounds,®® the study of the bonding in heterodimetallic
complexes,”® the determination of the substitution sites in
heterocycles,® the study of the bonding on metallic
surfaces,¥2 the description of the aromaticity in five-
membered tings,” the determination of protonation sites in
bases, the study of the clectrophilic aromatic substitution,?2
the study of the bonding in a superconducting alloy,”* the
study of the bonding of phosphinidenes with N-heterocyclic
carbenes, 'S and the study of the propargyl radical system.*’
The ELF function has also been analyzed*® in connection
with the local thermodynamical description of the many-
electron system introduced by Ghosh et al*’
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The present work is the first analysis of a pericyclic re-
action process using the topological analysis of the electron
localization function (ELF). The ELF is defined in terms of
the excess of local kinetic energy density due to the Pauli
repulsion, T(p(r)), and the Thomas—Fermi kinetic energy

density, Ty(p(r}),
1

)= Tl 1
1+[—~1
Ty(n)

For 2 monodeterminantal wave function these quantities
are evaluated from the HF or the Kohn-Sham orbitals,

‘Pi(r)!

1 1|v 2
r9=3 3 Vo5 oL, ®
T, (r)=2.871p(1)*3, 3
p(r)=2 [p: (D)2, @

‘The gradient field of the ELF function provides us with
basins of attractors (£1,) whose properties describe important
chemical bonding characteristics of systems. In this context,
these propertics have been related with the intuitive concepts
of the localization and delocalization of the electron
density.!” )

The population of a basin, N,, is defined as the integral
of the one electron density p(r) over the basin,

o= fn p(x)dr. )
i

The population variance; o*(¥,) (or the quantum uncertainty
of the basin population), is calculated in terms of the diago-
nal elements of the first [ p(r}] and second-order { a(r;,r;) ]
density matrices,

M= ar fn dryn(ry 1)+ N(Q)—(FQ)T,
®)

from which the standard deviation o(N,) can be evaluated,
Finally the above-mentioned quantities can be used to define
the positive {and expected less than 1) relative fluctuation

AN, as

(N, 00)

AQ)=—
N(Q)

1)
Fluctuation analysis was first introduced by Bader™® and has
been found to be a good measure of delocalization, %4

In this work we have applied the topological analysis of
the ELF function, through the analysis of the above associ-
ated basin properties, to the study of the [1,3] sigmatropic
shift of the fluorine atom in the 3FP system. Gur purpose is
to explore the main bonding characteristics involved along
the symmetry allowed suprafacial reaction pathway.

Chamono et al.

TABLE 1. Some properties of the 3-fluorpropene {cis and geuche confor-
mations) and the transition structure corresponding to the [1,3] fluorine sipg-
matropic shifl evaluated at the B3PW91/6-311g** level of theory.

Properties Gauche 3FP Cis 3FP T8
Total energy (a) —217.113 686 -—217.114857 —217.009 854
ZPE {a.u) 0072813 0.072 B36 0.069 648
NIMAG 0 0 1 (6728511 icm™)
Point group C1 Ci1 CcS
Global hardness (a.n) 0.137 0.138 007419
{a) (a.n.) 40.7 404 45.8

COMPUTATIONAL DETAILS

All optimizations have been carried out using the GAUSS-
T1AN9g package of programs® within the Berny algorithm at
the B3PW91/6-311G**32% level of theory. Both the cis and
gauche conformers of the 3FP system have been fully opti-
mized and characterized by using the vibrational analysis.
The transition state (TS) was found with a unique imaginary
frequency and the intrinsic reaction coordinate (IRC)
pathway’" connecting it with the 3FP reactant and product
conformations was calculated. The evaluation of the topo-
logical analysis of ELF function defined in Eq. (I) and its
gradient-field associated properties in Eqgs. (2)—(7) has been
carried out using the TOPMOD series of programs.>>*® The
graphic visualization of results was done with the vissD
tools.>’

Global chemical hardness values have been obtained
from a finite-difference approximation and using the Koop-
mans’ theorem in terms of the frontier (highest occupied mo-
lecular orbital and lowest unoccupied molecular orbital) mo-
lecular orbital energies,*®

7=3{€n—€L). (8)

The mean polarizability value has been obtained as an aver-
age of the corresponding tensor components evaluated using
the Sadlej’s basis set as has been recommended,

(a)=3(ayy+ ayy+azy). ©

RESULTS AND DISCUSSION

The [1,3] sigmatropic shift in the 3FP system implies
that reactant and product are identical and the reaction pro-
ceeds via a TS of C, symmetry. Tabie I reports the total
energy, zero point correction, number of imaginary frequen-
cies (NIMAG]), the global hardness 7, and the mean polariz-
ability {«) values calculated for the optimized cis and gauche
conformations of 3FP as well as the suprafacial T'S. Figure 1
depicts the stationary points with the numbering convention
used through this work.

Both the cis and gauche conformations of 3FP have pre-
viously been reported at ab initic and DFT level of calcula-
tions including MP2 and B3LYP models.'*'5?® Table II re-
ports the optimized structural data. The B3PW91 model
functional predicts interatomic distances and angles in close
agreement with the MP2/6-311++G** level and with the
available experimental data.’® Interatomic distances for the
F9-C1, F9—C2, and F9-C3 pairs of atoms at the TS are
predicted to be 2.046, 2.360, and 2.046 A, respectively.
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FIG. 1. Schematic representation of the optimized stationary points corresponding to the [1,3] fluerine sigmatropic shift in the 3FP system,

These vaiues are much larger than the mean experimental
value of 1.395 A- for the F—C single bond interaction as
expected.”® Early transition stractures postulated at the inter-
mediate neglect of differential overlap (INDO) or STO-4G

TABLE H. Computed structural parameters for reactant, product, and the
transition structure of the [1,3] fluotine sigmatropic shift in the 3FP system
obtained at the B3PW91/56-311g** level of theory.

Parameter® Gauche 3FP Cis 3FP T8
1-2 1.491 1490 1.384
2-3 1.327 1.328 1.384
1-4 1.098 1.097 1.086
1-5 1.098 1.094 1.082
2-6 1.089 1.088 1.083
3-7 1.084 1.085 1.086
3-8 1.084 1.087 1.082
3-9 2.766 3.475 2.046
1-9 1.385 1.394 2.046
1-2-3 1245 124.0 108.0
4-1-2 1105 1109 121.1
5-1-2 1119 1113 1219
9-1-2 110.5 110.3 84.8
9-1-4 107.9 106.9 113.0
9-1-5 1079 108.3 825
9-3-1 17.0 19.3 56.8
9-3-7 1422 1402 1120
9-3-8 96.7 99,7 82.5
6-2—1 114.7 115.5 120.9
6-2-3 1207 120.5 1209
7-3-2 1213 121.7 121.1
B-3-2 120.9 121.6 121.9
4-1-2-3 1203 1137 —149.6
5-1-2-3 —1203 —19 41.9
9-1-2-3 0.0 —~128.1 ~359
9-3-2-1 35.3 41D 35.9
6-2-1-3 180.0 —-178.7 145.4
7-3-2-1 180.0 —177.8 1496
8-3—2-1 0.0 18 —41.9

“mteratomic distances in A, planar and dihedral angles in degrees.

level of calculation’ do mot correspond to real transition
states, showing more than one imaginary frequency. Modi-
fied neglect of differential overlap (MNDQO) and Austin
model 1 (AM1) semiempirical TS structures'®™ are in
closer qualitative agreement with our B3PW91 results in
Table II

The cis 3FP is predicted to be 3.00 kJ/mol more stable
than the gauche-3FP conformer. This value agrees well with
the experimental one of 3,15+ 030kI/mol determined by
temperature-dependent Raman spectrum studies®! and with
the 2.52+0.30 kJ/mol value obtained from a matrix isolation
study.5? However there is not a definitive value for the rota-
tional conformational cis/gauche barrier, either from experi-
mental or theoretical studies. Its value ranges from 694
X274 to 3.152030kFmol. The most recent experimental
determination for the gas phase comes from extrapolated rare
gas solution temperature-dependent Fourier transform infra-
red spectra studies, which give a result of 1.56+0.30k¥/
mol.®

The present caleulations are the best ab initio calcula-
tions on the sigmatropic shift of the fluorine atom in the 3FP
system reported up to now. The zero-point-corrected activa-
tion energy is estimated to be 260.3 kl/mol (62.2 kcal/mol).
Experimental data are not available for this reaction process
while the scarce theoretical values range from 430.9 kJ/mol
(103 keal/mol) for the gas phase to 167.5 kJ/mol (40 kcal/
mol} by introducing some solvent effects based on early self-
consistent reaction field models.®> !> A more detailed study
on the solvent effects remains to be carried out for this reac-
tion process.

From Table 1 it is possible to verify that the maximum
hardness principle (MHP)®® and the minimum polarizability
principle (MPP)®* are satisfied for the allowed pericyclic re-
action process. The TS is predicted to be softer and a more
polarizable species than the corresponding 3FP reactant. The
MHP it also satisfied for the comparison of the reactant, TS,
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and the product 3-fluoropropene, and also for the comparison
including the cis and gauche conformers, at the HF/6-31G*
level of theory.5® These results must be understood only on a
semiquantitative basis due the small encrgy difference in-
volved.

In Figs. 2 and 3 are depicted the topology of the electron
localization domains (represented for ELF=0.75) for the ¢is
and gauche conformers of the 3FP systems and for the TS
structure, respectively. The organization of atiractors in both
the cis and gauche 3FP conformers is very similar. There are
four core attractors corresponding to the C1, C2, C3, and F9
atoms, five protonated, disynaptic, valence attractors which
correspond to the single bond between the C and I atoms
V(Cia Hyi j=14:1.5:2.6:3;
tor, corresponding to the single bond between Cl1 and C2
atoms V(Cl,C2), one disynaptic, valence attractor, corre-
sponding to the single bonding between the C1 and F9 atoms
¥(C1,F), and one monosynaptic, superbasin valence attrac-
tor, corresponding to the nonbonding electron pairs of the
halogen F9 atom. The double bond between the C2 and C3
atoms appears as two disynaptic, valence attractors
¥1(C2,C3), and ¥,(C2,C3) in the case of the gauche con-
former. In the case of the cis isomer, it appears only as one
disynaptic superbasin valence attractor ¥(C2,C3). These
split details, although not appreciable in Figs. 1 and 2, will

S

FiG. 3. Localization domains of the TS represented for ELF=0.75, from the
optimized wave function at the B3PW91/6-311G** level of theory.

Chamorro et al.

FIG. 2. Localization domains of 3FP
conformers represented for ELF
=(.75, from the optimized wave func-
tions at the B3PW91/6-311G** level
of theory.

be discussed in the following in connection with the bifurca-
tion analysis of the ELF domains.

The topological ELF representation of the valence elec-
tron density of halogen atoms, in the form of a cylindrical
superbasin and not as three well separated lone electron
pairs, is also well known.?? The V(F,C1) basin is localized
closer to the halogen atom and corresponds to a o represen-
tation of the bonding between atoms of different clectrone-
gativity. In agreement with this fact, the relation between the
valence attractors’ distance [F(F,C1)---C(F})/
[C(F)---C(C1)] corresponds to 0.489 and 0.473 for the cis
and gauche conformers, respectively.

In the case of the TS, there are four core attractors cor-
responding to the Cl, C2, C3, and F9 atoms and five proto-
nated, disynaptic, valence attractors which correspond to the
single bond between the C-H pair of atoms
V(C,-, Hj)i,j= 1,4;1,5;2,6;3,7:3,8 - The bond between the C1--C2
and the C2—C3 pairs of atoms appears now as two single
disynaptic, valence attractors F(C1,C2) and F(C2,C3)}, re-
spectively. Furthermore, two monosynaptic valence attrac-
tors appeared centered on C2 and F9 atoms, V(C2) and
¥1(F), tespectively. These two basins correspond to part of
the C1-C2—-C3 and C1-F electron densities which has been
reorganized in the process from the reactant toward the TS
structure. A detailed analysis of the changes along the reac-
tion pathway in this rearrangement will be presented in the
following. Finally, we have the monosynaptic valence attrac-
tor, corresponding to the nonbonding electron demsity of
halogen V,(F). Disynaptic valence attractor between the
F9-Cl1 or F9-C3 pairs of atoms for the localized
C,-symmetry transition structure was not observed. This fact
is in agreement with a picture of an ionic, electrostatic inter-
action, between both the F and the allyl fragments at the TS
position on the reaction path, consistent with an fon-pair
structure.

‘The values of ELF corresponding to bifurcations, lead-
ing to a reduction of the localization domains into domains
containing fewer attractors, are presented in Figs. 4 and 5 for
the 3FP systems and the TS, respectively. At the lowest val-
ues of the ELF function, the core and valence basins are
fused for both reactant and TS. In the case of 3FP (cis and
gauche conformers), a first split of the valence basins occurs
at ELF=0.55, dividing the molecular space into the
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FiG, 4. The localization domain reduction tree diagram of 3FP {cir and
gauche). The ELF values comespond to bifurcations yielding a reduction of
the localization domains into domains containing fewer attractors.

V(F)UF(CL,F) basins, and the 7(C,, H)UW(C;,C)) ba-
sins. On the other hand, ¥(C;, H;) valence basins reduce

separately, as is indicated in Fig. 4. ¥{(C2, H6) is separated at ~

ELF=0.66, while ¥(C3,H7), V(C3,H8), and F(C2,C3)
are splitted at ELF=0.69. The remaining F(Cl1,H4),
¥(Cl1,H3}, and V(CI1,C2) occurs at 0.70. The highest val-
ues of ELF (0.78 and 0.84) lead to a reduction of the valence
basins related to the fluorine atom. In the case of the sym-
metrical TS, we obtain that the valence basins also splits into
separated sets as for the 3FP systems, but ELF values for the
reductions are lower in most cases. These splits are therefore
consistent with the relative fluctuation values for the popula-
tion basins, which will be discussed in the following.

The results of the topological analysis of the ELF func-
tion for the ¢fs-3FP and the gauche-3FP systems as well as
for the TS are presented in Tables II1, IV, and V respectively.
These tables show the basin populations N;, standard devia-
tion o(N,), relative fluctuation A(N,), and the main contri-
butions from other basins /(%) to a2(N,) for each stationary
point.

The core basin populations of Cl, C2, and C3 are almost
centered at the 2.10e vatue. The core population of F9 in cis
3FP (2.14e) is slightly higher than in the gauche isomer
(2.08¢). The deviation from the expected 2.00¢ value is usu-
ally interpreted as due {o the penetration of the valence elec-
trons in the core regions. The relative fluctvation values of
the carbon atoms are relatively small {0.13), indicating small
delocalizations of these core electron densities, while for the
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FIG. 5. The localization domain reduction tree diagram of TS. The ELF
values comespond to bifurcations yielding a reduction of the localization
domains into domains containing fewer attractors.

F9 atom the situation is different: A greater delocalization of
this core electron density is implicated. In the cis conformer
the delocalization is coming from both the valence fluorine
atiractor V(F) {89.6%) and from the valence F(F,Cl) basin
(6.5%). In the gauche isomer it mainly comes from the va-
lence nonbonding F density ¥(F) (90.1%). The basin va-
lence populations corresponding to the C—H pairs of atoms
are very similar for both conformers of the 3FP molecule,
Their delocalization (expressed as fluctuation values) on the
double bond ¥ (C2,C3), on the single bond V(C1,C2), and
on the neighborhood ¥(C, ) basins are in good agreement
with chemical intuition. The basin population on the
V(C2,C3) basin is 3.38¢ and 3.51e for the cis and gauche
conformers, respectively. In the first case the delocalization
is lower (0.42) than in the last one [0.60 and 0.55 for the
splitted ¥(C2, C3) basin]. Delocalization of the double bond
occurs in both cases in a greater extension in vicinal V(C, H)
basins and in a lower degree, with the (C1, C2) basin cor-
responding to a single bond. The nonbonding valence elec-
tron density of P(F) is 6.68¢ in the cis 3FP and 6.74¢ in the
gauche 3FP, but with a smaller delocalization vélue (0.17).
The P{C1,F) basin is very delocalized {0.73), and it is ex-
changed mainly with the C(F) basin (66.2% for gauche 3FP
and 65.4% for cis 3FP) but in the cis case some lower con-
tributions arise from V(C1,H4), V(Cl1,HS5), and F{C1,C2)
basins. Finally, it can be observed from the basin populations

Ny, the standard deviation o(N)), the relative fluctuation

TABLE III. Cis-3EP, basin populations N, standard deviation o{¥,), relative fluctuation A(¥,), and main

contributions of other basins i(%) to &2(N,).

Basin oA a(N) AN Contribution analysis (%)
1 V(CLH4) 2,02 0.80 03 2(29.5) B(11.6) 10(26.2) 12(14.0) 13{(9.4)
2 P(C1,HS5) 2,03 0.80 032 1(29.5) B{11.7) 10(26.1) 12(14.2) 13(9.5)
3 V(C2,116} 208 0.81 032 6(10.8) 10(24.7) 11(46.1)
[ 4 V{C3,H8) 207 0.82 0.32 5(29.1) K11.1) 11(45.9)
L1 5 V(C3,H7) 1 0.81 0.31 4(29.2) 7(11.8) 11(46.9)
., 6 C(C2) 21 0.53 0.13 3(25.8) 10(23.8) 11(40.3)
7 C(C3) 2.11 0.53 0.13 4(26.4) 5(28.1) 11(39.1)
8 C(CI) 2.10 0.52 0.13 1{27.4) 2(27.7) 10(25.4) 13(7.9) 12(1.0)
9 C(F) 2,14 0.66 0.20 12(89.6) 13(6.5)

i0 ¥(Ci1,C2) 2.09 1.03 0.51
1 ¥(C2,C3) 3.31 1.21 042
12 F(F) 6.68 1.08 0.17
13 V(CLF) 0.96 (.83 073

1(15.7) 2(15.8) 3(15.4) 11(23.7) 12(6.6) 13(5.1)
3(20.9) 4(20.9) 5(21.3) 10(17.1)
9(33.1) 1{7.6) 2{7.8} 10(6.0) 13(38.6)
1{2.7} 2(8.9) 10(7.8) 12(65.4)
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TABLE IV, Gauche-3FP, basin populations N, , standard deviation o(#,), relative fluctuation (¥,), and main
contributions of other basins i(%) to o(,).

Basin A a(N) AN Contribution analysis (%)

1y 2.10 0.52 0.13 2(28.2) 3(27.9) 14(8.9) 13{7.5)

2 V(CLH4) 206 0.81 0.32 1(11.7) 3(29.9) 10(25.2) 13(14.7) 14(3.9)
3 HCLIS) 2.06 0.80 0.31 1(11.6) 2(30.1) 10{24.8) 13(13.9) 14(8.9)
4 C(C2) 212 0.53 0.13 5(28.1) 10(23.5) 11(i5.4) 12{22.2)

5 V(C2,H6) 213 0.82 0.32 4(11.6) 10{24.7) 11(19.0) 12(25.1)

6 P{C3,H7) 212 0.82 0.32 7(30.1) 8(11.6) 11{21.2) 12(23.6)

7 P(C3H8) 2.1n 0.81 0.31 6(30.7) 8(11.9) 11(19.5} 12(20.9)

8 Cc(C3) 2.10 0.53 013 6(27.9) 7(28.2) 11(16.3) 12(20.9)

9 C(F 2.08 0.65 0.20 13(90.1)

10 H(CLC2) 206 1.03 0.51 2(15.6) 3(15.3) 5(15.9) 11(11.4) 12(12.7)
11 Fi{C2,C3) 1.48 094 0.50 5(14.4) 6(15.9) 7(14.4) 10(13.0) 1228.1}
12 ¥,(C2,C3) 1.50 1.02 0.55 5(16.3) 6(15.2) 7(16.4) 10(12.8) 11(24.1}
13 V(F) 6,74 1.07 0.17 9(33.2) 14(35.1)
14 V(F,CI) 0.93 0.82 073 13(66.2)

A(N)), and the main contributions of other basins i(%) to

oX(N}) (in Tables HII and IV), that the bonding interactions
are more stressed in the cis conformer than in the gauche
one. This is consistent with a lower total energy for the cis
3FP system, as predicted from both theoretical and spectros-
copy studies.!*'

In the case of the transition state, the calculated electron
populations follow the C, symmetry of the allowed suprafa-
cial pathway. The core populations for the C1, €2, C3, and
F9 are 2.09, 2.10e, 2.09¢, and 2.15e, respectively. The
deviations from the expected 2.00e value are lower for the C
atoms than for F. Here there is a more extensive penetration
of valence populations in the core of the halogen center than
in the 3FP system. The populations of valence ¥(Cl,C2)
and ¥(C2, C3) basins are identically equal to 2,55¢, which is
an intermediate value in the evolution between the single and
double bord populations. The valence basin centered on the
C2 and F9 atoms, ¥(C2) and V(F), have populations of
0.30¢ and 1.10e¢, respectively. By a direct comparison of the
sum of population basins of both fragments from Table V,

and incorporating the nuclear positive charges, it can be de-
termined that the fluorine atom is migrating at the TS posi-
tion with —0.6e. The transition state associated with the'?
sigmatropic shift of the fiuorine atom in 3FP can be viewed
from the topological analysis of the ELF function as an inti-
mate jon-pait [C3HE'---F®~]* with an electron transfer of
0.6e. This view is emphasized by the analysis of the fluctua-
tion contributions. It can be seen from Table V that core
populations are litile delocalized (0.12 for C atoras and 0.18
for F). The core population basiri C(F) is exchanged with
their valence ¥,(F) (12.2%) and V,(F) (82.6%) basins.
There is not any disynaptic valence basin for the F9—CI or
F9-C3 pairs of atoms while the populations in the monosyn-
aptic valence ¥(F) and ¥(C2) basins are present with high
values of relative fluctuations (0.74 and 0.90, respectively).
The Vy(F) population is interchanged mainly with the non-
bonding density on the halogen atom (77.8%), and in much
lower degree with its core basin C(F) (6.1%). The ¥(C2)
population basin, on the other hand, is mainly delocalized on

TABLE V. TS, busin populations ,, standard deviation o(F}, relative fluctuation A(N), and main contri-

butions of other basins i(%) to a(N)).

Basin N, o(F) AW Contribution analysts {%)
1 c(c3) 200 050 0.12 5(29.8) 6(29.0) 11(30.3)
2 c(Ci) 2.09 0.51 0.12 4(29.8) 7(29.0) 10(30.3)
3 c(C2) 2.10 0,52 0.13 8(29.2) 16(28.0) 11(28.0)
4 V(CLH4) 213 0.80 030 2(11.9) 7(31.9) 8(5.0) 10(32.9)
5 F(C3,HT) 2.13 0.80 030 1{11.9) 6(31.9) 8(5.0) 11(32.%)
6 V(C3,118) 21 0.82 0.32 I{11.1) 5(30.6) 11(30.2)
7 V(CI,HS5) 2.1 0.82 032 2(11.1) 4(30.6) i0{30.2)
8 ¥(C2,116) 2.24 0.85 032 3(10.9) 10(30.9) 11(30.9)
9 C(F) 2,15 0.63 0.18 12(12.2} 13(82.6)
10 W(C1,C2) 2.55 1.12 0.49 2(6.2} 3(6.0) 4(16.7) 7(16.0) B(17.7) 11{18.3)
12(5.9) 14(6.0)
11 H(C2,C3) 2.55 L.12 0.49 1(6.2) 3(6.0) 5(15.7) 6(16.0) 8(17.7) 10{18.3)
12(5.9) 14(6.0)
12 Vi) LI 089 0.74 13(77.8) 10(5.5) 11(5.5)
13 Vy(F) 635 116 0.21 9(6.1) 12(77.8)
14 L ()] 0.30 0.52 090 8(16.6) 10{28.1) 11(28.1)
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TABLE V1. Basin populations ;, standard deviation o{N,), relative fluctvation A(N,), and main contribu-
tions of other basins i(%) to o2(¥,) for (a} point a in Fig. 6, (b) point & in Fig. 6, (¢) point ¢ in Fig, ?, (d? puint
d in Fig. 6, (c) puint e in Fig. 6, ({) point fin Fig. 6, (g) point g in Fig. 6, {k) point & in Fig. 6, (i) point i in Fig.
6, (j) pointj'in Fig. 6.

Basin N, o( ﬂ‘) AN Contribution analysis (%)
(a)

i CCy) 212 0.53 0.13 4(29.2) 10(21.2) 11(18.9) 12(20.0}

2 C(Ch 2.08 0.52 013 3(28.5) 6(29.5) 10{22.4)

3  P(CLH4) 2,03 0.79 0.31 2(12.1) 6(31.7) 10(25.5) 13(12.3} 14(10.5)

4  F{C2HG) 218 0.83 031 1{11.9) 7(5.7) B(5.6) 10(24.2) 11(21.9) 12{23.0)

5 CCYH 2.10 (.52 013 7(28.0) 8(28.4) 11(18.8) 12(18.0)

6 W(CLHS) 207 0.81 0.31 2(12.2) 3(30.7) 10(25.0) 13(13.3)

7 F(C3,H7) 212 0.31 0.31 5(11.6) 8(30.9) 11(21.4) 12(23.1)

8 V(C3,HB) 2.14 0.33 032 4(5.5) 5(11.3) 7(29.7} 11(23.0) 12(20.1)

9 (R 2.12 0.65 020 13(87.4) 14(8.8)

10 ¥cC2cn 203 102 0.51 1(5.7) 2(5.8) 3(15.5) 4(16.0) 6(15.8) 11(12.1) 12(10.9)
; 11 P(C2,C3) 1.67 0.98 0.58 J(5.5) 4(15.5) 5(5.3) 7(14.6) 8(16.3) 10(12.9) 12(26.3)

12 ¥(C2,C3) 1.65 0.98 .58 1(5.8) 4(16.4) 7(15.4) 8(14.4) 10(11.8) 11{26.5)

13 V(F) 6.63 1.08 0.18 3(6.6) 6(7.4) 9(31.3) 10(6.1) 14{41.9)

14  W(FChH 1.05 0,87 0,71 3(8.8) 6(8.7) 10(7.4) 13(65.5)

®)

) B 5 (87)} 2.10 052 Q.13 6(28.3) 10{22.8) 11{19.8) 12(18.9)

2 C(Cy) 2.10 0.52 0.13 7(26.9) 8(27.9) 11(19.5) 12(13.9)

3 CCy 209 0.51 0.13 4(27.2) 5(29.4) 10(23.6) 13(6.9) 14(8.4)

4  P(CLHS) 2.04 0.80 0.31 3(11.2) 5(30.7) 10(25.0) 13(13.6) 14(%.8)

5  PCLHA) 208 080 0.31 1(11.4) 8(5.1) 10(24.7) 13(13.7) 14(9.8)

6  F(C2,HG) 216 0.82 0.31 1{11.4) 7(5.3) 8(5.1) 10{24.7) 11(23.7) 12(22.1)

T F(C3,HD 210 .81 0.31 2(11.3) 6(5.5) 8(30.7) 11(24.0) 12(21.1}

8  F(C3,H8) 2.09 0.82 0.32 28(11.2) 6(5.1) 7(29.4) 11(20.8) 12(22.1)

9 C(F 213 0.64 0.9 13(88.5) 14(7.3)

10 ¥(C2,C1) 207 1.02 0.51 1(5.9) 3(5.9) 4{15.2) 5(15.4) 6(16.0) 11(11.4) 12(12.4)

13(6.7) 14(5.3)
11 V(C3,C2) 1.72 1.00 0.58 1{5.4) 2(5.3} 6{16.2) 7{15.7) 8(14.2) 10(12.1) 12(26.2)
12 WC3C2) 168 098 057  1(5.3) 2(53) 6(15.5) 7(14.1) B(15.5) 10{13.5) 11(26.9)

13 WP 665 109 018 A(74) 5(74) 9(31.2) 10(5.9) 14(40.4)
14 WECH 106 085 072 486} 5(8.7) L0{7.8) 13(65.8)
)
1 en 212 052 QI3 4(27.0) 5(29.7) 10(24.3) 12(7.2) 13(6.6)
2 CC) 211 053 013 8(29.0) 1022.1) 11(38.4)
3y 210 052 013 6(27.5) 7(27.5) 11{38.1)
4 PCLUS) 205 080 031 1(I1.5) 5(30.9) 10{25.3) 12(13.9) 13(8.5)
5 PELHE) 207 079 031 I(12.7) 4(31.0) 10(25.7) 12(13.7) 13(8.9)
6 W(C3HE) zZ08 032 033 (L) 7(29.2) 11{41.9) 12(5.1)
7 WCIHT) 210 030 031  3(1L5) 6(30.5) 8(53) 11(44.9)
8 W(C2HG) 215 032 032 2(11.9) 7(5.1) 10(24.6) 11(45.8)
9 ) 216 065 020  12(89.1) 13(6.5)
10 wczcl) 209 103 051 1(62) 2(5.8) 4(15.2) 5(15.3) 8{(15.7) 11(24.3) 12(6.8)
11 HE3C2) 338 120 043 2(74) 3(7.2) 6(19.6) 7(20.1) 8(21.5) 10(17.8}
) 12 wH 677 107 017 A(7.7) 5(7.6) 9(31.1) 10{6.3) 13(35.8)
13 V(ECI) 083 079 076  4(8.6) 5(3.9) 10(8.1) 12(65.0)
1G]
I ey 211 053 013 6(28.9) 10(22.9) 11(38.0)
2 cch 209 051 013 4(27.9) 5(30.2) 10{26.3) 12(6.7)
3 C(C3) it 052 03 7(27.4) B(28.3) 22(36.5)
4 P(CLHS) 206 080 031  2(11.4) 5(311) 10(26.0) 12(14.5) 13(6.6)
S F(CLH4) 209 079 030  2(12.6) 4(31.7) 10(27.1) 12(13.3) 13(6.7)
6 V(CRHE) 217 083 032 . 1{IL7) 7(5.1) 10(25.5) 1K{44.6)
7 F(CIU7 209 080 031 3(IL6) 6(5.4) B(30.8) 11(43.4)
§ P(CIHS) 210 082 032 3{1L4) %29.3) 11(39.8) 12(64)
9 P 214 065 019 12(915) 13(40)
10 weacn 218 105 050 1(5.8) 2(6.3) 4(15.2) 5(15.6) 6(15.9) [1(24.3)
1 PC3C2) 329 120 044 1(7.3) 3(69) 6(21.3) 7(19.4) B(18.7) 10(18.6)
12 V(P 702 104 615 4(89) 5(7.8) 9(35.5) 10(7.5) 13(27.6)
13 P(FCI) 055 068 083  4(9.2) 59.2) 10(8.1) 12(54.6)
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TABLE VI (Continued.)

Basin A o(N) AR Contribution analysis (35)

(e

1 o 211 051 0.13  3(30.3) 4(29.0) 10(26.4) 12(8.7)

2 (C2) 211 0.53 0.13 9(28.5) 10(24.0) 11{36.9)

3 K(C1,H4) 2.08 0.79 0.30 1(12.8) 4(31.7) 10(28.0) 12(18.2)

4 F(Ci,H5) 2408 0.80 0.31 1(11.9) 3(30.8) 10(26.3) 12(20.3)

5 V(C3,HT) 214 0.81 031 6(11.6) 7{(30.7) 3(5.6) 11(41.0)

6 C(C3) 210 052 0.13  5(284) 7(28.1) 11(35.3)

7 P(C3,H8) 2.10 0.82 0.32 5(30.4) 6(11.4) 11(37.0) 12(8.0)

8 (R 212 0.64 0,19 12(95.8)

9 Y(C2,H6) 217 0.83 0.32 2(11.5) 5(5.4) 10(26.3) 11{43.0)
10 F(C2.C1) 225 1.06 0.50 1(6.2) 2(5.9) 3(15.6) 4(15.1) 9(16.1) 11(24.6)
11 ¥(C3,C2) 3.16 1.19 0.45 2(7.3) 5(19.3) 6(6.7) 7(17.5) 2(21.0} 10{19.6)
12 WP 151 097 012 3(12.2) 4(13.9) 7(5.7) 8(42.2) 10(12.1)
® ‘

1 cch) 209 051 042 ' 3(29.5) 4(30.7) 10(26.3) 12(82)

2 C(C2) 2,10 0.53 0.13 7(27.8) 10(23.9) 11(38.1)

3 WCIHT) 207 079 030  1(12.3) 4(31.8) 10(27.8) 12(18.5)

4 F(C3,H8) 211 o8t o3 1(12.3} 3(30.7) 10(26.2) 12(20.2)

5 F(C1,115) 2,10 0.82 0.32 6(30.4) 8(11.5) 11(37.1) 12(3.0)

6 V(C1,114) 2.13 0.81 0.31 5(30.9) 7(5.4) 8(11.2) 11(41.3)

7 WC2HE) 215 082 032 2(11.3) 6(5.2) 10(26.3) 11(43.6)

8 C(Ct}) 2.10 0.52 0.13 5(28.6} 6(27.4) 11{35.9)

9 C(F) 214 065 020  12(95.7)

10 ¥(C3,C2) 225 1.06 0.50 1(6.1) 2(5.9) 3(15.6) 4(15.2) 7(15.9) 11(25.0) 12(9.8)
n F(C2,C1) 3.21 1.19 0.44 2(7.4) 5(17.3) 6(19.0) 7(20.9) B(6.8) 10(19.7)
12 V(F) 7.55 0.97 013 3(12.2) 4(13.9) 5(5.7) 9(42.5) 10(11.6) F1(7.1)

1 c) 212 055 043 5(283) 10(22.9) 11(38.3)

2 ey 209 @5l 012 3(30.1) 4(28.0) 10(26.4) 12(10.0)

3 WKCIHTY 207 079 030 2(12.5) 4(31.7) 10(27.2} 12(8.9)

4 pC3N8) 207 080 031 2(11.4) 3(30.9) 10(26.0) 12(20.8)

5  C2HE) 214 082 032 I(1L7) B(5.1) 10(5.4) 11(44.7)

6 il 211 052 0.13  7{27.9) 8(27.6) 11(36.6)

7  WCLHS) 208 082 032  6(11.4) 8(29.6) 11{39.4) 12(6.8)

8  MCLH4) 241 0E0 031 5(54) 6(11.6) 7(30.5) 11{43.3)

9 CF 216 065 020 12(94.5)

10 HC3C2) 21 108 050  1{59) 2(6.3) 3(15.6) 4(15.2) 5(15.7) 11(24.5) 12(10.3)
1 wexcty 329 120 044 1{7.5) 5(21.2) 6(7.0) 7(18.3) 8(19.5) 10{13.7)
12 ¥E 744 101 0.14  3(117) 4(13.2) 9(39.5) 10(11.2) 11{5.8) 13(8.8)
13 WFECI) iz 034 095  3(58) 12(793)

0)]
1 ©(C3) 211 052 0.3 4(28.0) 6(31.1) 10(23.6) 12(6.8) 13(5.6)

2 oCY) 21l 053 013 5(292) 10(22.5) 11(37.8)

3 cEn 209 052 013 7(27.6) 8(27.4) 11(37.8)

4 WC3HS) 205 080 031 1{11.8) 6(31.1) 10(25.2) 12(13.7)

5 pC216) 218 083 031 2(11.8) 7(5.0) 8(53) 10(24.8) 11{45.2)

6 VC3H7) 210 080 031  I(13.1) 4(3L.1) 10(25.8) 12(13.5) 13(B.4}

7 WCLHS) 208 082 033 3(11.0) 5(5.1) 8(29.5) 11(41.4) 12(5.2)

8  VCLHe) 212 08 031  3(11.4) 5(5.6) 7(30.7) 11(45.5)

9 C(F) 217 0466 020 12(89.1) 13(6.4)

10 MCLCY) 208 103 051 1(6.0) 2(5.8) 4(15.2) 5(16.0) 6(15.6) 11(24.0) 12(6.8)
11 #C2Ch) 334 120 043 2(73) 3(7.1) 5(20.6) 7(19.5) 8(20.1) 1017.7)

12 ¥y 677 107 017  4{7.7) 6(7.6) 9(33.6) 10(6.3) 13(34.9)

13 V(FC3) 080 078 076  4(3.8) 6(8.9) 10(7.9) 12(65.2)

(i)
R o ok 208 052 0.3 3(27.2) H3L.8) 10(22.5) 13(7.0) 14(7.2)
2 e 210 052 0.83  5(28.9) 10(22.5) 11(19.0) 12{19.4)
3 KC3HE) 204 080 031 1(114) 7(31.5) 10(25.0) 13(13.7) 14{9.0)
4 ¢l 210 052 013 5{28.0) 8(27.3) 11{12.0) 12(18.5)
5  PCLHe) 211 0Bt 031 4(11.7) 6(5.5) 8(30.6) 11{23.9) 12{21.0)
6 VC2HE 217 083 031 2(11.6) 5(5.2) 8(5.0) 10(24.6) 6(22.6) 12(23.1)
7 VCIHD 211 08t 031 1(13.1) 3(31.0) 10(25.3) 13(14.0) 14(8.9)
8 PCLHS) 209 082 032  4{11.0) 5(29.5) 6(5.1) 11{20.5) 12{22.1)
9 CF 214 065 020 13(89.4) 14(6.4)
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TABLE V1. (Continued.)

Electron localization function K|

Basin N, (N AN Contribution analysis (%)

10 V(C3,C2) 2.05 1.02 0.51 1(5.8) 2(5.8) 6{16.0) 7{15.7) 11{11.2) 12(12.6) 13(6.9)
11 V(C2,Cl1) L67 099 0.58 2(5.3) 4(5.3) 5{16.0) 6(15.8) 8(14.2) 10(12.0) 12(26.5}
12 ¥(C2,C1) 1.70 099 0.57 2(5.4) 4(5.2) 5(14.0) 6(16.1) 8(15.3) 10(13.6) 11(26.5)
13 V(E} 6.75 1.07 0.17 3(7.6) 7(7.9) 9(32.7) 10{6.3) 14(3°.1)
14 V(E.C3) 0.87 0.81 075 3(8.9) 7(8.9) 10(7.4) 13(65.3)
1]}

1 C(C2) 212 0.53 0.13 8(28.5) 10(21.2) 11(18.2) 13(21.2)

2 C{C3) 208 0.51 0.13 4(27.9) 7(29.3) 10{22.3) 13(6.8) 14(9.4) .

3 c(Ct) 210 0.52 0.13 5(27.9) 6{27.4) 11(19.4)-12(18.5)

4 V(C3,H8) 2.06 0.80 031 3(11.5) 7(30.6) 10(25.0} 13(13.3) 14(10.5}

5 V(CLHS) 2.11 0.83 0.32 3(11.2) 6{29.6) 8(5.4) 11(22.0) 12{21.2)

6 WC1,H4) 2.11 0.81 0.31 3(11.4) 5(30.8) 8(5.8) 11(22.1) 12(22.8)

7 V(C3HT) 205 0.80 031 2(12.3) 4(31.1) 10{25.1) 13(12.9) 14(10.9)

8 ¥{C2,H6) 2,16 0.83 4.32 1(11.7} 5(5.4) 6(5.5) 10(24.3) 11{22.5) 12(22.9}

9 C(F) 212 0.65 0.20 13(87.8) 14(8.3)

10 W(C3,C2) 202 1.01 0.51 1(5.7) 2(5.7) 4{15.6) 7{15.4) 8(16.1) 11{11.7) 12(11.6}

13(6.6) 14(5.7)

11 ¥(C2,C1) 1.69 0.98 0.57 1(5.4) 3{5.5} 5(15.5) 6(15.1} 8(15.9) 10(12.6) 12(26.4)
12 F(C2,Cl1) 1.69 0.99 0.58 1(6.1) 3(5.2) 5(14.8) 6(15.3) 8(16.0) 10(12.2) 11{26.1)
13 V(F) 6.57 1.09 0.18 4(7.2) 7(6.9) 9(31.0) 10{5.7) 14(42.5)

14 V(F,C3) 1.10 0.88 0.70 4(8.7) 7(8.9) 10(7.6) 13(65.4)

the V(C2,H6) (16.6%) as well as the ¥(CI,C2) (28.1%)
and F{C2,C3) (28.1%) basins.

With the aim to study in more detail how the electron
density rearranges along the [1,3] F sigmatropic shift, the
topological analysis of the ELF function has been carried out
also at several optimized points on the IRC pathway. Tables
VI(a)-VI(j} show the basin populations, the standard devia-
tion, the relative fluctuation, and the main contributions from
other basins, for these selected points along the reaction co-
ordinate corresponding to the allowed suprafacial shift. The
corresponding localization domains for each stationary point
are depicted in Fig. 6 for the ELF=0.75 value. The forward
(positive) direction of the transition vector (TV) points out to
the conformation of 3FP where the F atom is bonded to C1,
and the backward (negative) one leads to a situation where
the halogen is bonded to the C3 atom. Following the evolu-
tion of the reaction coordinate from the positive to the nega-
tive direction of the TV, we can observe the changes of the
bonding characteristics for the complete reaction process.
From the analysis of basin populations in Table VI and from
Fig. 6, it is clear how the double bond is being transferred
from the C3—C1 pair to the C2-ClI pair of atoms through the
changes along the concerted migration of the fluorine atom
from the C1 to the C3 ends. At highest values of the reaction
coordinate, the almost completed C—C double bond appears
as separated basins at points (¢) and ¢b) from the positive
side of the TV and on points (i) and () on the negative one.

Four different types of basins can be clearly identified
with respect to its delocalization values [i.e., A(¥,)], whose
patterns do not change significantly through the reaction
progress: The lowest values of delocalization (0.13) are for
the core basins comresponding to the carbon centers, as well
as for the core and the nonbonding valence density basins of
the fluorine atom C(F) (0.20) and V(F) (0.18), respectively.
It must be noted that the localization for the V(F) basin

slightly increases from the reactant and product valley to the
TS region (i.c., 0.18 for &, 0.15 for 4, 0.12 for €; 0.18 for j,
0.14 for g, 0.13 for f). Main contributions to the carbon core
populations come from the nearest valence basins corre-
sponding to the C—H bonds and to the associated C—C bond.
Other contributions from the F(F) nonbonding and C-F
bonding densities appear in the proximity of the TS. For
example, the C(C1) basin exchanges its population mainly
with the C{C1,H4), C(C1,HS5)}, and the F(C1,C2) basins
(28.5%, 29.5%, and 22.4%, respectively} for point (a), while
in (d} there are also contributions from the F(C1,F) and
V(F) (6.6% and 7.2%) basins. The core C(F) and the va-
lence ¥(F, Cl) basins are interchanged in 8.8%, 7.3%, 6.5%,
and 4.0% at (a), (b), (c), and {d} structures on the positive
side of the TV, respectively. At the {f), TS, and (g) points on
the pathway, the basins V(F, C1) and F(F, C2) are not ob-
served. On the negative side of the TV, the contributions
from the ¥(F,C3) basin to the C(F) one are: 1.0%, 6.4%,
54% and 8.3% for (g), (), (i), and (§) points respectively.
Configurations closer to the TS show a greater delocalization
of the V(F) population, in agreement with a2 most covalent
character for lower energy structures on the path. In the
structure (f), for example, which is localized at -+1.18 on the
reaction coordinate, the main contributions are: 42.2% from
C(F), 139% from V(CI1,H5), 12.2% from ¥V{Cl,14),
12.1% from VF(C1,C2), 6.9% from V(C2-C3) and 5.7%
from ¥{C3,HS8). Structure (g}, at —1.18 position on the
IRC, shows contributions to the F(¥) population basin of
42.5%, 13.9%, 12.2%, 11.0%, 7.1%, and 5.7% from the
C(F), ¥(C3,H8), F(C3,HT7), ¥(C2,C3), ¥V(C1,C2), and
F{C1, H5) basins respectively. Thus, the core populations of
the C and F atoms are not significantly varied as can be
expected along this Pericyclic process. These basins retain a
mean value of 2.10e (for C) and 2.15¢ (for F) through the
complete pathway, with a relatively small delocalization.
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FIG. 6., Localization domains for selected points along the IRC pathway of [1,3] fluorine sigmatropic shift in 3FP, represented for ELF=(1.75, from the

optimized wave fnctions at the B3PW9L/6-311G** level of theory.

Low delocalization of the nonbonding valence basin of the
fluorine atom is also evidenced (0.13-0.18), but populations
are continuously increased from the reactant or product to
the TS. The highly delocalized (0.74) ¥'1(¥) basin at the TS
appears with a population of 1.07e.

Medium values for delocalization (0.31) are associated
with the disynaptic valence basins corresponding to the C—H
bonds. Populations are centered on the mean value of 2.10e

through the reaction process, with main contributions from
the nearest V{C—H),V(C-C) valence basins and the neigh-
borhoods C(C) core basins. It must be noted that the
¥(C2,H6) basin presents a slightly but significant greater
population along the pathway, which is increased in the
proximity of the TS structure. This results agree well with
the fluctuation patterns of basins populations discussed pre-
viously and with the chemical intuition suggesting a charge
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rearrangement which involves C2 as a fluxing channel for
the electronic density in the shift of the double bond as the
reaction is progressing. A clearly definite disynaptic valence
basin appears at the TS structure with 0.30e and a high de-
localization (0.90) value,

Slightly bigger delocalization values (0.45-0.58) are as-
saciated with the rearrangement of the electron populations
through the CI-C2-C3 framework. Population on the
¥{C1,C2) basin is increased from the 2.03¢ in point {(a} to
3.38¢ at point (f), while population on the P(C2, C3) valence
basin is decreased correspondingly from 3.32e to 2.02e.
Main contributions to the F(C1,C2) and V{C2,C3) valence
populations come from the nearest ¥{C,C) and the neigh-
bothood P(C—H) valence basins. It must be noted that the
topological analysis of the ELF function along the pathway

clearly shows that the allowed electronic rearrangement from-

the TS to the reactant or product valleys involves important
fluctuation contributions coming also from the VF(C,H),
V(C, C), and the ¥(F) valence basius.

The greaiest delocalization values (0.71--0.90) corre-
spond finally with valence populations associated with the
F—C1 bond breaking F(F,Cl), and with the F-C3 bond
formation V(F,C3). These populations agree with the
chemical intuition for such a process between the F and C
centers. Thus, the ¥{F, Cl) population decreases monotoni-
eally from a(1.00¢) to d(0.55¢) and the ¥ (¥, C3) increases
from g(0.12¢) to j(1.10£). Tt must be noted that the main
contributions arise from the F(F) valence basin (>60%), yet
other not depreciable effects come from the neighborhood
V(C,H) valence basins, which appear to be acting as flux-
ional reservoirs along the complete electron rearrangement.

Topological analysis of the ELF permits us to obtain a
very nice revealing picture of how this sigmatropic process
can be understood, which complement the traditional view of
an allowed Pericyclic reaction process explained only in
terms of symmeiry selection rules.

¥

CONCLUSIONS

The ailowed [1,3] sigmatropic shift of fluorine in 3FP
has been investigated through the topological analysis of
ELF, by using the electron density obtained from optimized
stationary points at the B3PW91/6-311G** level of theory.
The allowed suprafacial TS has been characterized in terms
of an intimate fon pair with an electron charge separation of
0.6e between the allyl and the fiuorine fragments. The elec-
tron population of the basins at the TS belong to the C,
overall point group of this structure. This very infuitive as-
pect of the reaction mechanism can be observed from the
populations in Table V and Fig. 6. A complete description of
the interconversion has been obtained from the analysis of
the basin properties along the reaction coordinate, and it is
observed how the covalent bonding character is increased
from the TS toward the 3FP reactant and product conforma-
tions. Finally, it can be also emphasized from the ELF analy-
sis viewpoint that the valence basins corresponding to the
C-H bonding interactions also play an imporlant role in the
delocalization of the electronic charge along the single inter-
conversion step involved in the [1,3] fluorine migration.
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A. thorough quantitative analysis of the HSAB principle is performed. Complex formation reactions of a
typical soft acid, Ag*, and typical hard acid, HF, with the bases XH; (X = N, P, As) are studied using the
DFT/B3LYP method with the 6-311G** basis set. For the molecules containing Ag* and As, cortesponding
pseudopotentials are used. Results of the calculations pertaining to the interactions of the hard acid, HF, are
robust in comparison to those of Ag*. Correlation and nuclear relaxation effects are important in the case of
the interactions of Ag*. Basis set superposition error changes the trend, and the results vary drastically with
the quality of the basis set. Pseudopotentials do not introduce any crror, and the zero-point energy reprasents
at most 5% of the binding energy. The presence of the solvent, modeled as in Onsager’s dipole method and
in PCM, does not significantly change the trend. In the exchange reactions, both HSAB and maximum hardness

principles are shown to be valid.

1. Introduction

One of the important electronic structure principles in
chemistry is the hard—soft acid—base (HISAB) principle pro-
posed by Ralph Pearson,'~* which states that “alf other things
(like strength) being equal, hard acids prefer to coordinate with
hard bases and soft acids prefer to coordinate with soft bases
for both their thermodynamic and kinetic properties”, Several
formal proofs of this principle have been provided, % taking
care of variations in the number of electrons*® as well as in
the external potentinls,® A state of the art ab initio study® has
also been performed for understanding the HSAB principle in
the context of the gas-phase reactions of a typical hard acid
(HF) and a typical soft acid (Ag*) with several bases. It has
becn observed® that the Hartree—Fock level calcuiation is
adequate in explaining the interactions involving the hard acid.
However, the effect of correlation is important for the reactions
of a soft acid like Ag* because of its highly polarizable core.
Even at the MP4SDTQ level, Ag" has been shown® to prefer
to bind to NH; rather than to PHj, which violates the HSAB
principle,)® The hard—soft behavior has been believed®' %! to
change drastically in the presence of a solvent. Moreover, the
hard—hard interactions are ionic in natare and hence charge-
controlled, while the soft—soft interactions are covalent in nature
and hence frontier-controlled.’? Therefore, it is expected that
the factors which are imporiant in the two cases ought to be
different. To have a more transparent picture vis a vis all the
points discussed above, in the present paper, we try to provide
a critical survey of the reactions of Ag™ as well as HF with
bases HaX (X = N, P, As) studied within a density functional
framework.!* We analyze the problem in terms of amounts of
correlation, pseudopotentials, solvents, and basis set dependences
including the basis set superposition errors.

* Comesponding author.

1 Department of Chemistry, Indian Institute of Technology.
! Departamente de Quimica, Universidad de Chile.

§ Departamente de Fisica, Universidad de Chile,

For an N-electron system with energy E and external potential
(r) the bardness (77) is defined within density functional theory
(DFT) as®

1 a’E)
=z|-— 1
7 z(aN'2 vp/r) ( )
A finite difference approximation to eq 1 gives®
(-4
1=(~57) @

where I and 4 are the jonization potential and the electron
affinity, respectively.

Koopmans’ theorem can be applied to approximate it fitither
asM

_ {Erumo ~ Enomo
== @
where Epumo and Enomo ate the energy values associated with
the Jowest unoccupied and highest occupied molecular orbitals,
respectively. Note, however, that the Kohn—Sham ozbitals are
different from canonical otbitals, albeit the difference is not very
large.13

Another important related hardness principle is the “maximum
hardness prineiple”®!s (MHP), which states that “there seems
1o be a rule of nature that molecules arrange themselves so as
o be as hard as possible™. Since the validity of the HSAB
principle is related to that of the MHP 316 we would also like
to explore the implications of the latter in the present context,
For this purpose, we calculate the hardnesses {as HOMO—
LUMO gaps; eq 3) along with the binding encrgies of different
complexes of HF and Ag* with H3X (X = N, P, As). Theoretical
background of the present work is given in section 2. Section
3 presents the necessary computational details, and the results

10.1021/jp011767w CCC: $20.00 © xxxx American Chemical Society
Published on Web 00/00/0000 PAGE EST: 5.9




B J Phys. Chem. A Chattaraj et al.
TABLE 1: Pscudopotentials and Basis Set Used for Ag and As Atoms
atom basis set pseudopotential
Ag Ag0 Ag0
5 3 1.00 ag-ecp-mwb 4 28
9.0834420 —1.5844552
7.5407310 2.1466804 1
2.7940050 0.4165536 2 1.00000000 0.00040000
8 1 1.00
1.4801580 1.0000000 2
] I 1,00 2 13.13060000 255.13936452
0.6538510 1.0000000 2 6.51000000 36.86612154
5 11.00
0.1244880 1.0000000 2
8 11.00 2 11.74000000 182.18186871
0.0492640 1.0000000 2 6.20060000 30.35775148
E 1100
(.0160000 1.00¢0000 2
p 21.00 2 1021000000 73.71926087
4.4512400 —6.3305736 2 438000000 -6.3305736
3.6752630 —6.3305736
P 2 .00 2
1.2912880 —6.3305736 2 14.22000000 —6.3305736
0.6525780 —6.3305736 2 7.11000000 —6.3305736
P 1100
0.3670360 —6.3305736
P 11.00
0.0756940 —6.3305736
P 11.00
0.0237230 —-6.3305736
D 41.00
7.9947300 —6.3305736
27847730 —6.3305736
1.2097440 -6.3305736
5053930 —6.,3305736
d 11.00
0.1988510 10000000
d 1 1.00
(.0660000 1.0000000
As As0 As0
_8 3100 as-28-mwb 4 28
3.43147400 0.14816600
1.89686600 —0.44983000 i
0,29444900 0.69568300 2 1.00000000 0.00000000
s i LOD
0.11189600 1.06000000 1
s 11.00 2 3.612625 53.965620
003729866 1.00G00000
P 3 160 1 ‘
1.29644700 —0.36995400 2 3.907926 88.949088
0.94997100 0.37321400
0.25442100 0.60030400 1
P 1100 2 1.926467 22.420288
0.08759300 100000000
P 1 1.00 1
0.02919766 1.00000000 2 1.773434 —4.704815
D 11.00
0.29300000 100000000

are discussed in section 4. Finally, section 5 contains some

concluding remarks.

2. Theoretical Background

According to the HSAB principle, hard—hard/soft—soft
interactions are more favorable in comparison to the corre-
sponding hard—soft/soft—hard counterparts, provided that other
quentities such as strength remain unaltered. To determine which
reaction is more favorable, comresponding reaction energies are

generally compared.

Reaction energies for the various reactions studied are
comected for the basis set superposition error (bsse) through
the commonly used counterpoise method'? as well as for the

bsse nuclear relaxation as proposed by Lendvay and Mayer.18
The usual reaction energy (AEo) for the [Ag{XH;)]* complex
formation and the reaction energies corrected for the bsse by
the counterpoise method'? (AE)) and the Lendvay-—-Mayer
nuclear relaxation'® (AE;) are given by

AEy= Epppxiys — Epgr — Exu, )
AE, = E'[.¢\g---)t|l,]’r —E *AE"'(XHJ] - E*X"s("w ©)
and

AE, = AE; + [E'yy, — Exy ] (6)

¥
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where the various energy quantities used in expressions 4—6
represent the following:
(i) Etag-xiyy*: total energy of the complex [Ags--XH;]*
(i) Eag*: total energy of the isolated Ag* soft acid
(iii) Exny: total energy of the optimized XH; base (isolated)
(iv) E*ag'xus): total energy of the Ag' in the presence of the
basis set of XHj (in the configuration adopted in the complex)
(V) E* xuyag): total energy of the XH; in the presence of the
basis set of Ag (in the configuration adopted in the complex)
(vi) E'xn.: total energy of the XHjs in the configuration adopted
in the complex excluding at all the Ag atom.

Note that the energy difference in the last parenthesis of AE;
(eq 6) must be positive.'®

Similarly, for the [FH++*XH3] complex formation, the cor-
responding reaction energies are written as

AEy = Epyxiny ~ Enr — Exn, )

AE) = Epypexiny — E¥puxny — E¥a(FH) - (8)
AE, = AE, + [E'xy, — Exn)] ®)

AE; = AE, + [Eyy — Epye] (10)

(1) Efpye-xuy : total energy of the complex [FH-+-XHs]

(ii) Eyr: total energy of the isolated HF hard acid

(iii) Exus total energy of the optimized XH; base (isolated)
(iv) E*pyxis): total energy of the HF in the presence of the
basis set of XHj3 (in the configuration adopted in the complex)
(V) E*xuyrm: total energy of the XHs in the presence of the
basis set of HF (in the configuration of adopted in the complex)
(vi) E'xu;y: total energy of the XHj in the configuration adopted
in the complex excluding at all the Ag atom.

(vil) E'ug: total energy (single-point) of the isolated HF hard
acid (excluding XHjs)

Solvent effects were incorporated through the Onsager
(dipole)'” and the point charge (PCMY" models. The PCM
method depends very strongly on the cavity radius. The Onsager
method is, on the other hand, rather primitive. The level of
theory used for the electronic structure calculation dictates the
amount of correlation involved in it, e.g., HF, MP2, MP4SDTQ,
DFT/B3LYP, etc. Similarly, the dependence on basis set may
be analyzed by systematically, improving the quality of the basis
set, say, by using the Dunning’s basis set.”! Influence of the
pseudopotential may be gauged by considering pseudopotential
on selective atoms in the molecules.

3. Computational Details

For all the bases XH; (X=N, P, As) and their complexes
with Ag' and HF, computations are carried out using the
B3LYP/6-311+G** level of theory®>>* with the Gaussian 98
Revision A9 package of programs.®® Geometries are optim-
ized using the DFT/B3LYP method®® within the Berny algo-
rithm,*® and the frequency calculation is performed using the
OPT=VeryTight and Integral (Grid=Ultra Fine) options.>* Ab
Initio pseudopotential calculations are performed for the mol-
ecules containing heavier elements, As and/or Ag*.

Both pseudopotential and basis set®® used for Ag' and As
are given in Table 1. Reaction energies are calculated using
eqs 4—10, which take care of counterpoise bsse correction and
nuclear relaxation effects. Hardness values are calculated as the
HOMO—-LUMO gaps (eq 9). Frequency calculations are done
mainly to decide whether a structure is the true minimum energy
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Figure 1. Structure of the [Ag --XH:]" complexes.

TABLE 2: B3ILYP Optimized Geometries for the
[Ag—XH;]" Complexes (Csy)

N P As
H,1,B1 Ag,1,B1 H,1.BIl
H,1,B2,2,A1 H,1,B2,2,A1 H,1,B2,2,A1
H,1,B3,2,A2.3.D1 H,1,B3,2,A2,3.DI Ag,1,B3.2.A23 DI
Ag1B42,A33D2  H,1,B4,2,A33.D2  H,1,B4,.2,A34,D2
variables variables variables

Bl =1.019 Bl =2.441 B1=1.501

B2=1.019 B2 = 1.406 B2 = 1.501

B3 =1.019 B3 = 1.406 B3 = 2.526

B4 =22I8 B4 = 1.406 B4 = 1.501

Al =107.15 Al=11581 Al=101.76

A2=107.15 A2=11581 A2=11638

A3 =111.70 A3=11581 A3 =101.76

DI=-11473 D1 =120.0 Dl =-127.59

D2 =122.64 D2 =—120.0 D2 =—127.59

structure with no imaginary frequency. All the species belong
to the Csy point group of symmetry (except HF, which is of
C.y symmetry). Solvent effects are incorporated through the
Onsager (dipole) and PCM methods with the corresponding gas-
phase geometries for both sets of complexes. For the Onsager
methodology,'® volume calculations are performed initially to
determine the cavity radius. The PCM method® also depends
very strongly on the radius of the cavity, which is, however,
difficult to define for the complexes. Solution phase calculations
are done using B3LYP method?? with no ZPE and the diclectric
constant of water.

Basis set dependence is judged by the single-point calcula-
tions on the B3LYP/6-311+G** geometries®' with the pseudo-
potential and basis set for Ag" as in Table 1 and Dunning’s
correlation consistent basis set’! for other atoms.

4. Results and Discussion

Various geometrical parameters calculated at the B3LYP/6-
311+G** level of the theory for the complexes [Ag-XH;]"
in form of a Z matrix are reported in the Table 2, and the
corresponding structures are depicted in Figure 1. Table 2 also
contains the geometries of XH; (X = N, P, As) molecules.
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TABLE 3: B3LYP Total Energies, ZPEs, and Hardness
Values for the Isolated, Fully Optimized Species

Chattaraj et al.

TABLE 7: B3LYP Results Using Some of the Dunnings
Correlation-Consistent Basis Sets

species E, au ZPE, au 7, au species cc-pVDZe  ce-pVTZ®  cc-pVQZe  ce-pVQZY
Ag’ —146.6775 0.0 0.1197 NH; —56.5535  —56.5846 —56.5913 —56.5914
NH; —56.5826 0.0342 0.1406 PH; —343.1599 —343.1800 —343.1850 —343.1850
PH; —343.1733 0.0239 0.1370 [Ag.NHiJt —203.3172 —203.3404 —203.3452 —203.3449
AsH; —8.0088 0.0217 0.1374 [Ag.PH5]" —489.9116 —489.9310 —489.9363 —489.9365

+ _
EQEE&L}L _3333;28 gggzg g {3(2]? “ Single-point calculation using the optimized B3LYP/6-311+G**
[Ag---AsH;]* —154.7535 0.0246 0:0966 geometries in Tables 2 and 3 and pseudopotential and basis set for Ag

TABLE 4: B3LYP Single-Point Energies, ZPEs, and
Hardness Values for the XH; Bases in the Conformations
Which Are Adopting in the [Ag-+-XH;]* Optimized
Complexes

species E’ au ZPE, au 7, au
NH; —56.5826 0.0341 0.1410
PH; —343.1676 0.0241 0.1251
AsH; —-8.0015 0.0222 0.1235

TABLE 5: B3LYP Total Energies, ZPEs, and Hardness
Values for the Ag™ and XH; Species, Including the BSSE
Corrections (Single-Point Calculations in the Presence of the
(X) Basis Set in the Conformations Adopted in the Ag---XH;
Optimized Complexes)

species E*, au ZPE, au 7, au
AgT(NH3) —146.6778 0.0 0.1197
Ag*(PH3) —146.6778 0.0 0.1197
Ag*(AsH3) —146.6778 0.0 0.1197
NHi(Ag) —56.5841 0.0341 0.1291
PH3(Ag) —343.1685 0.0241 0.1210
AsH3(Ag) —8.0017 0.0222 0.1174

TABLE 6: B3LYP Total Energies and Hardness Values (au)
for All Stationary Points, Both at the Dipole and PCM
Solvent Models

Diploe PCM
species E 7 E N
Ag* —146.6775  0.1197  —146.8047  0.1163
NH; —56.5843  0.1440 —56.5913  0.1457
PH; —343.1736 0.1378 —343.1744 0.1384
AsH, —8.0088  0.1375 —8.0092  0.1378
[Ag--NH;]™ —=203.3362  0.1011 —203.4414  0.1011
[Age=-PH;]" —489.9240  0.1016  —490.0203  0.1024

[Age--AsH3] " —154.7541 0.0938 —154.8454 0.1022

The B3LYP total energies, ZPEs, and 7 values for the isolated
fully optimized species are given in Table 3. It may be noted
that the complex [Ag-+-AsH;]" is more stable than [Ag---H3As]"
by 14.0 kcal/mol and the latter is not a true minimum since it
has two imaginary frequencies (doubly degenerate —157.5i
em™!). It is apparent that Ag' is softer than all three XH;
molecules and the # values of [Ag--*NH;]" and [Ag---PH;]*
are comparable. Corresponding quantities required for the bsse
correction including nuclear relaxation effect (E* and E”) are
presented in Tables 4 and 5. It is obvious that the effect of bsse
on 77 is much more dramatic than on the total energy or the
ZPE.

Table 6 provides the B3LYP total energies and 7 values for
various species in aqueous solution modeled by dipole and PCM
methods, respectively. The effect is generally not very prominent
but is more conspicuous in the PCM model.

Result of the single-point calculation with B3LYP/6-
311+G** level optimized geometries and Dunning’s basis set
on all atoms but Ag' (pseudopotential and basis set as in the
Table 1) are reported in Table 7.

Table 8 presents the reaction energies (kcal/mol) associated
with all three reactions: Ag® + XH; — [Ag(XH3)]"; X =N,

shown in Table 1. ? Fully optimized geometries at this level of theory
(for Ag pseudopotential and basis set, as in Table 1)

0.93

9

093

3‘2.42

2235

Figure 2. Structure of the [FH+*+XH;] complexes.

P, As. Influence of various factors on reaction energies are
analyzed below.

A. Influence of Pseudopotential. Here two columns (1 and
2) represent reaction energies (with ZPE) obtained from two
types of calculations, While in the former set, the pseudo-
potential is taken for Agt and As only, the latter set includes
pseudopotentials in all atoms except hydrogen. From the results,
it is clear that the pseudopotentials do not introduce any error.
Here ZEP does not account for more than 5% of the binding
energy.

B. Correlation Effects. Three columns provide the reactions
energies (with ZPE) calculated at the HF, MP2, and B3LYP
levels of theory. As expected,” for Ag' being a soft acid with
a highly polarizable core, the in—out correlation is very
important. It is also clear that for a qualitative description, MP2
or B3LYP would serve the purpose.

C. Solvent Effects. Two columns present reaction energies
(without ZPE) calculated at the B3LYP level with Onsager and
PCM models with the dielectric constant of water. It is seen
that the solvent (both dipole and PCM models) does not change
the preference order. Recently, it has been also observed?®? that
the solvent has a negligible affect on hardness and Fukui
functions. However, it is important to notice that one is
comparing neutral molecules where solvent effects are expected
to be small. Surely, the effect will be large for reactions
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TABLE 8: Reaction Energy (keal/mol)

J. Phys. Chem. A E

pseudopotential correlation effect {(with ZPE) solvent effect basis set superposition error
species 1 2 HF MP2 B3LYP Onsager PCM AEy AE; AE;
[Ag-*NH;]+ —45.0 —453 -33.5 —41.7 —45.0 —46.7 --28.4 —45.0 —43.3 —439
[Age-PH;}" —44.0 —43.8 —28.8 —382 —44.0 —45.8 -25.8 —44.0 -46.9 —43.2
[Ag---AsH,]* —40.3 ~40.3 —26.1 —34.1 —40.3 —42.5 —19.8 —-40.3 —44.9 —40.0
TABLE 9 TABLE 11: B3LYP Total Energics, ZPEs, and Hardness
— timized ies in the Phase
N copVDZ® co-pVTZ® copVQZ® +ZPE +ZPE + bsse Values fo‘r the Isolated, Fuily Optimize l)Spet: es in the
Ae(NHL)* 541  —d9.0 479 —453 442 specics £, Au ZPE, 2u 7,34
Ag(PH))* —465 —46.1 —463 —444 —43.6 FH —100.4824 0.0093 0.2129
" . . . NH,3 —56.5826 0.0342 0.1406
e Ca.lc_ulamns without ZPE and without bsse. The last_ calculations PH, —343.1733 0.0239 0.1370
are so big that_w:.'e camnot do ZPE and bsse, Bu:t assuming lha't thh AsH; —8.0088 0.0217 0.1374
effects are additive, we can add the results obtained at the beginning [FH---NH;] —157.0877 0.0484 0.1567
for ZPE and the Iast one for bsse. [FH-+PI1,] ~443.6645 0.0363 0.1456
[FH=+AsIl;] —108.4974 0.0337 0.1427

TABLE 10: B3LYP Optimized Geomeiries for the
[FH---XH;] Complexes (Cyy)

FH--NH, FH---PH, FIL--Asl];
N P As
H,1,BI H,1,B1 I,1,.B1
H,1,B2,2.A1 H,1,B2,2,At H,1,B2,2,A1
,1,B3,2,A23,D01,0 H,1,B3,2A23D1,0 H,1,B3,2,A2,3,D1,0
H,1,B42,A34D02,0 H,1,B42A3,3D20 1,184,2A33D20
F,1,B5,2,A4,4,D3,0 F,1,B5,3,A4,5D3,0 F,1,B5,3,A4,5D3,0
variables variables variables
Bl=1.016 Bl =2.320 Bl =2427
B2 =1.016 B2=1417 B2 =1,521
B3 = 1.016 B3=1417 B3 =1.521
B4=1674 B4=1417 B4 =1.521
B5=2636 . B5=13.258 B5 =13.361
Al =107.79 Al=121.13 Al =12234
A2=107.79 A2=121.13 A2=12236
A3=11131 Al =12L.13 A3 =122135
Ad=11134 Ad=121.i2 Ad = 12234
DI =116.10- DI =119.99 D1 = 120.00
D2=121.93 D2 = -120.00 D2 = 120.00
D3 =121.90 D3=-131.84 D3=-13282

TABLE 12: B3ILYP Single-Point Energies, ZPEs, and
Hardness Values for the X11; Bases in the Conformations
Adopted in the [FH+--XH,] Optimized Complexes

species FE, au ZPE, au 7, au
NHy —56.5826 0.0081 0.2064
PH; —343.1729 0.0088 0.2105
AsHj —8.0084 0.6089 0.2322
FH(NH;) —100.4808 0.0342 0.1407
FH(PH3) —160.4821 0.0241 0.1342
FH(AsH;) —100.4520 0.0289 0.1346

TABLE 13: BILY?P Total Energies for the FH and XH,
Species, Including the BSSE Corrections: Single-Point
Calculations in the Presence of the (E) Basis Set in the
Conformations Adopted in the FH---XH, Optimized
Complexes

involving small ions. The effect of solvent on chemical potential
and hardness has been addressed by Pearson some time ago.2”
One can see also that Ag* prefers to bind to NII; rather than
PH; even in aqueous solution. This seems to be due to the
greater basicity of NHj.

E. Basis Set Superposition Error. The commonly used
counterpoise correction'” is used to take care of the basis set
superposition error (bsse), and the Lendvay—Mayer'® technique
is used to tackle the bsse nuclear relaxation. The respective
binding energies AFE; AE),, and AE:; (eqs 4—6) are also
presented in Table 8. It is easily discemible that the trend
depends on the bsse correction. It may be noted that while AE}
provides the proper HSAB order,}? AE; values for [Ag(NH;)]*
and [Ag(PH:)]* are very close, and their difference is not very
meaningful.

To be sure that the trends indeed change with the basis set,

we systematically improve the quality of the basis set by using.

the Dunning’s basis set.2! The calculations were done only for
N and P complexes because of the size of the basis set. Table
9 reports the binding energies for [Ag(XH;)]*, X =N and P,
with cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets. The last
calculations are so large that we cannot calculate ZPE or bsse.
But assuming that both effects are additive, we can add the result
abtained for ZPE and bsse and also present them in Table 9.
Since the differences are so smail, one can at most say that the
stability of these complexes are comparable,

species E* au 1, au
FII(N11;5) —100.4812 0.1976
FH{PH;) —100,4824 0.1979
FH{AsII;) —100.4824 0.1987
(FIDNH, ~56.5839 0.1389
(FH)PH,4 —343.1735 0.1345
(FH)AsH; —8.0085 0.1341

TABLE 14: B3LYP Total Energies and Hardness (Both in
au) with Different Solvent Models (H,0)

species PCM 1 dipcle ]
FH —100.4934 0.2285 —100.4856  0.2209
NH;, —56.5913 0.1457 —56.5844 0.1443
PH, —343.1744 0.1427 —343.1735 0.1378
AsH; —B.0092 0.1378 —8.0088 0.1375
[FH---NH,) —157.1043 0.1620 —157.0979 0.1640
[EH---Pi;} —443.6711 0.1472 ~-443.6695 0.1477
[FH---AsH;]  —108.5030  0.1442  —108.5013  0.1433

To check whether Ag® prefers to bind to a soft base when
there is a competition between Ag* and a typical hard acid like
HF vis a vis the validity of HSAB principle and MHP, we also
repeat the calculations for HF reacting with the same set of
bases, viz.,, XHs (X = N, P, As). While the geometrical
parameters are given in Table 10, Figure 2 presents the
corresponding structures. All the complexes belong to Cyp
symmetry and the minimum-energy structure, as authenticated
by zero imaginary frequency. Corresponding total encrgy,
hardness and reaction energies, including bsse correlations and
solvent effects are presented in Tables 11 to 15. As was pointed
out earlier,>' the trends do not change in case of interactions
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TABLE 15: B3LYP Reaction Energies (keal/mol)
AED AE@ AE[ AEZ AEJ
reaction process (withowt ZPE)  (withZPE}  (without ZPE)  (without ZPE)  (without ZPE) PCM dipole
FH + NH; = [FH-+-NH,] —14.3 ~11.2 ~14.2 ~14.2 -13.2 —123 ~17.5
FH + PH; = [FH-*-PH3] —5.54 —3.61 —5.39 —5.17 —5.03 —2.07 —6.48
FH + AsH, = [FH---AsH;] —3.95 —2.27 —4.08 —3.87 —3.77 —0.27 —-4.34

with a hard acid when different methods of calculation with
various basis sets are performed, The HSAB principle is valid
in all cases. This relative robustness of hardness is an un-
mistakable signature of the MHP.'* Calculation of corre-
sponding quantities for a soft species is, however, very much
dependent on the level of theory and the quality of basis set
used.

Pearson® pointed out that the HSAB principle is better
understood via the exchange reaction AB + CD = AC + BD
rather then the binary complex formation reaction A + B =,
AB. It is quite gratifying to note that in case we take the
data from Tables 3 and 11, Ag® prefers to bind o PHs,
while HF prefers to bind to NH;, as expected from HSAB
principle, viz,

[Ag(NH,)]" -+ FH +»PH; = FH «-NH, + [Ag(PH,)]* (11)

E (au)
1 (au)

—203.336
0.102

=443 664
0.146

—157.088
0.157

—489.924
0.100

It is easily discernible that the exchange reaction 11 is
encrgetically favorable in the forward direction. Even the 7
values reveal that the hardest species lie in the product side
and the average hardness of the products is greater than the
average hardness of the reactants,”® a joint vindication of the
MHUP and the HSAB principle.

5. Concluding Remarks

For the interactions involving hard acids such as HF, the DFT/
B3LYP methods with a reasonably good basis set is adequate,
whereas the effects of correlation and nuclear relaxation are
important for the reactions of the soft acid, Ag*.

For the analyzed reactions, the solvent does not change the
trend, and psendepotentials do not introduce any error. While
the Zero-point energy is roughly 5% of the binding energy, the
quality of the basis set is shown to have a drastic effect on the
Ag" reaction energies. The basis set superposition error must
be corrected nupon in order to get a proper trend in the reactions
of the soft acid. Since the binding energy of the complexes
Ag(NHy)* and Ag(PH;)* are so similar, one has to resort to
the exchanpge reactions to validate the HSAB and maximum
hardness principle.
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Abstract

The symmetry-allowed [1s,3a] and symmetry-forbidden [1s,3s] transition structures for the hydrogen
sigmatropic shift in propene have been characterized for the first time through the topological analysis of the
electron localization function (ELF), Both transition structures have been studied in detail in terms of the
properties of the ELF basins using the densities obtained at the HF/6-31G*, HF/6-311++G**, and BILYP/6-
311+G** optimized stationary points. It is explicitly shown that the electronic structure for the antarafacial
symmetry-allowed transition point corresponds to a highly delocalized one, while the suprafacial symmetry-
Jorbidden tramsition structure resembles an interacting hydrogen atom with a radical allyl fragment. The
results are similar at any level of caleulation and complement semi quantitatively the Woodward-Hoffmann

orbital-based analysis for this type of pericyclic reaction.

.l,!

' “keywords: topological analysis; electron localization function (ELF); [1,3] sigmatropic hydrogen shift

INTRODUCTION

The [1,3] sigmatropic hydrogen shift in
propene has been extensively studied from =a
theoretical viewpoint."” The main research interest
has been the elucidation of the structure, dynamics
and thermodynamic aspects of this fundamental
pericyclic chemical process. There is no definitive
experimental evidence for a thermal, concerted {1,3]
hydrogen shift in an hydrocarbon system. However,
it is known for related systems such as alkyl-
substituted  allenes, 1-silapropenes and 1-
phosphapropenes.>™ All the results, based on several
type of semiempirical or ab-initio calculations,'”
have been previously elaborated in terms of the
theoretical principles of the Woodward-Hoffmann
rules for the conservation of orbital symmetry.” The

symmetry-allowed [Is,3a] TS and the symmetry- -

forbidden [1s,3s] TS (see Figure 1) have been
described in terms of two weakly interacting radicals,
and the detailed analysis of geometries, energies and

* Blectronic mail; echarmorr@ciencias.uchile.cl

electronic characteristics of both pathways relies on
the analysis of molecular orbital interactions.

Earliest results based on RHF/STO-3G calculations’
vielded activation barriers of 558.7 kJ/mol (133.54
kcal/mol) and 662.6 kJ/mol {158.4 kcal/mol} for the
symmetry-allowed and symmetry-forbidden
pathways, respectively. Single point calculations on
the RHF/4-31G optimized geometries, including
3x3CI, RHF/DZ, RHF/DZP, 1EPA/DZ, IEPA/DZP,
PNO-CI/DZP, and CEPA/DZP levels showed that
activation barriers decrease with the inclusion of
correlation effects’ up to 388.7 klmol (92.9
keal/mol) and 400 kJl/mol (95.6 kcal/mol) for the
symmetry-allowed and symmetry-forbidden
pathways, respectively. Subjacent and superjacent
orbital interactions were used in order to explain the
greater stability (about 91 kJ/mol) of the symmetry-
forbidden TS with respect to the symmetry-allowed
one at the 3x3CI level."? MC-SCF as well as
unrestricted calculations predicted that the symmetry-
forbidden transition structure collapse to a saddle
point on the topomerization surface of the
trimethylene diradical™ Results from complete




optimizations at the RHF/3-21G, RHF/6-31G,
RHF/6-31G* and MP2/6-31G*//RHF/6-31G levels of
theory suggest however that other TS with a C,,
symmetry is located at higher energy.’ Recently,
calculations at the CASSCF/6-31G* level’® showed
the existence of an H/Allyl conical intersection for
propene, which resembles in structure the [1s,3s] TS
but with larger distances. It has been suggested that
the four quasi-unpaired electrons associated with this
structure can be recoupled in different process
involving a [1,2] H shift, a [1,3] H shift or dissociated
radicals, We have analyzed the thermal [1,3]
hydrogen sigmatropic shift in this system with the
aim to further explore the electronic nature of both
the [1s,3a] TS and the [is,3s] TS by using the
topological analysis of the electron localization
finction (ELF) of Becke and Edgecombe."’

The topological analysis of the ELF provides a
partition of the molecular space into basins of
aitractors which can be interpreted consistently on the
basis of the simple Lewis’s model of chemical
bonding.”* This methodology has proven to be a
practical tool for the description of the nature of
chemical bonding in several stationary systems'®*! as
well as in some chemical reaction processes.’
Interesting issues of chemical reactivity involving
both thermodynamic and local electronic behavior
have been also addressed,****

The ELF, n(r), is defined in terms of the excess of
local kinetic energy density due to the Pauli

repulsion, T(p(r)), and the Thomas-Fermi kinetic
energy density, Tu(p(r)),

1

)
T(r) ¢y}

mry=

These quantities can be evaluated for a single
determinental wavefunction from the Hartree-Fock
(HIF) or the Kohn-Sham (KS}) orbitals, g;(r),

_1 2 _1[Vp)f* |,
T(r)= 5 Z[Vq), ) 8 o) @
T,(x) =2.871p(r)"? 3)
p(r) =Y lp,)] 4)

The gradient field of the ELF provides us with basins
of attractors (€2;) whose properties describe important
chemical bonding characteristics. The attractors are
divided in valence and core types according to the
presence of a nucleus within their basin. An attractor
whose basin contains a proton is classified as a
protonated valence one. The number of cores
connected to a given valence attractor determines its
synaptic order. For instance, the lone pairs of
electronegative atoms are monosynaptic attractors
whereas the charge electron interaction is
characterized by a di- or polysynaptic attractor. For a
more detailed description of nomenclature, see
references. 18, 23, and 24,

The population of the i-th basin, N(), is defined as
the integral of the electron density p(r) over the basin,

M@= |, pteyar 0)

the population variance or fluctuation, o*(N,Q),
defines the standard deviation, o(N,), which
represents the quantum mechanical uncertainty on
N(Qi)s

o'W, Q)=(N"), ~(N), ©)

T

Finally the above quantities can be used to define the
relative fluctuation A(N;) as

a’(N,Q)

MD="5

)

These properties can be interpreted in terms of
delocalization of the electron density. Fluctuation
analysis was firstly introduced by Bader*® and it has
been found to be a good measure of the delocalization
within the topological analysis of the electron density

as well as for derived local functions such as
ELF, 1823304849

Recently, we have successfully applied for the first
time the ELF to the study of the allowed reaction path
for the [1,3] sigmatropic shift of fluorine in 3-
fluorpropene.” In the present work, we extend the
application of the ELF to the study of electronic
details of pericyclic reactions, We present a
topological analysis of the electron localization
function of the thermal symmetry-allowed and
symmetry-forbidden processes for the case of the
{1,3] sigmatropic hydrogen shift in the propene
system. This work deal for the first time on a




topological analysis of a symmetry-forbidden
transition structure. ‘Our goal is to see how the main
bonding characteristics of both transition structures
équld be rationalized from the analysis of the ELF,
which is not based on orbital symmetry conservation
considerations.

COMPUTATIONAL DETAILS

All optimizations have been carried out using the
GAUSSIAN98 package of programs™ within the

Berny algorithm at the RHF/6-31G* (model A),

RHF/6-311++G** (model B) and B3LYP/6-311+G**
{model C) levels of theory. Optimized structures
corresponding to R, [1s,3a] TS and [ls,3s] TS
converged easily at these three levels of theory by
using as starting point the reported data at the RHF/6-
31G* level of theory.! The geometrical parameters
are only slightly different from the already reported
data for this reaction'” and therefore they are not
included in the present work. Stationary points have
been fully characterized by using the vibrational
analysis. Both allowed [1s,3a] and forbidden [1s, 3s]
transition structures were found with a unique
imaginary frequency and the intrinsic reaction
coordinate (IRC) pathway® connecting them with the
propene reactant and product conformations were
calculated. The evaluation of the ELF and its
gradient-field associated properties have been done
using the TopMod series of programs.®>” The
graphic analysis and visualization of results was
carried out with the Vis5d package.*

RESULTS AND DISCUSSION

A topological analysis of the ELF for the
propene system was previously reported based on the
density obtained at the BLYP/6-31G* level of
theory. We have obtained similar results.
Therefore the data concerning the propene for the
three levels of calculation used here will be not
presented. The fluctuation patterns associated with
the localization domains describe consistently the
nature of the bonding in the reactant system.

The basin populations Nj, standard deviation o°(N),
relative fluctuation A(N)) and miain contributions of
other basins i(%) to *(N;) for the symmetry-allowed
TS are reported in Tables 1 to 3 from the density
obtained at the A, B, and C models, respectively.
Tables 4 to 6 reports these quantities for the
symmetry-forbidden TS.

The localization domains for the antarafacial TS are
predicted with great similarity from the three models
used. We have three core monosynaptic basins
associated with the core populations of the carbon
centers, C(Cl), C(C2), C(C3), five protonated
valence disynaptic basins corresponding to the C-H
bonds, V(CI-H1), V(C1, H2), V(C2,H3), V(C3,H4),
and V(C3,H5), and the valence basins associated
directly with the position of the migrating center H6.
Two slightly different representations appears from
the three levels of theory. From the RHF/6-
311++G** ELF topology, a trisynaptic valence basin,
V(C1,H6,C3), is localized. From the RHF/6-31G*
and B3LYP/6-311+G** ELF analysis, three
monosynaptic valence basins can be resolved: V(Cl),
V(HS6), and V(C3). It will be noted below, from the
fluctuation analysis in Tables 1-3, that these
populations appear with a strong fluctuation pattern
of coupling between them and the V(C-C) valence
populations, which precludes that they are true
isolated monosynaptic basins but only split of the H6
and the C-C partial bond densities. Figure 2 depicts
the localization domains of the [1s,3a] TS represented
for ELF=0.80, from the optimized wavefunction at
the B3LYP/6-311+G** level of theory. It can be
noted that the ELF picture shows a distortion of the
basins associated with the C-C partial bonds and the
H6 migrating position, which is due to the electronic
rearrangement of the [1,3] antarafacial hydrogen
shift.

The core populations are centered about 2.1e from the
three methods. These populations show a low
relative fluctuation value (A = 0.12 or 2=0.13) and the
main contributions come from the closest neighbor
valence basins corresponding to the C-C and C-H
bonds. The small deviation of the expected 2.00e
value is explained as penetration of valence
populations in the core regions [18, 23]. Core
populations have fluctuation patterns which show that
these populations are exchanged directly with the
closest V(C-C) and V(C,H) basin as expected.

‘The population of the valence basins corresponding to
the C-H bonds range from 2.0e to 2.1e and show
relative fluctuation values from 0.29 to 0.40. Note
that the V(C1,H1) and V(C3,H4) populations (1.9%,
2.03e, and 1.84e for the A, B and C models,
respectively) are predicted always with a slightly
lower value than the V(C1,H2) and V(C3,H5) (2.06e,
209, and 2.12e for the A, B and C models,
respectively). Note that the C1-HIl and C1-HS5 bonds
are Iocalized on the side of the Hé position and this
fact is reflected in the ELF topology. The population
on the V(C2,H3) basin is the highest one for these C-




H bonds (2.12e, 2.13e, and 2.15¢ for the A, Band C
models, respectively). This could be due ito the
electronic rearrangement involved through the C2
center.

Relative fluctuation values in the range 0.47-0.48 are
associated to the populations corresponding to the C-
C partial bonds. These populations have fluctuation
patterns delocalized mainly around the neighbor C-C,
and C-H valence populations, as well as with the
basin associated with the migrating center H6. The
population values ranging from 2.48¢ to 2.53e, can be
considered as intermediate values between the
corresponding to single and double localized bonds.

The populations corresponding to the migrating
V(H6) and the associated V(C1) and V(C3) basins
show the highest relative fluctuation values (0.52 for
the RHF/6.311+4+G**, 0.62 and 0.79 for RHF/6-
31G*, 0.65 and 0.77 for B3LYP/6-311+G**). The
associated populations are 2.30e, 2.22¢ and 2.53¢ for
RHF/6-31G*, RHF/6-3114G**, and B3LYP/6-
311+G**, respectively. This can be interpreted
intuitively in terms of a three-center two-electrons
interaction. This is indeed stressed by the fluctuation
patterns (contribution analysis entries) that are
presented in'Tables 1-3. From the A and C model
calculations, the V(H6) populations are exchanged
mainly with the V(C1) and V(C3) (19.9% and 18.3%,
respectively). - The V(C1) population is delocalized
mainly with the V(C1,C3) basin (23.7% and 24.4%
for A and C, respectively) while the V(C3) is being
with the V(C2,C3). The V(C1) and V(C3) can be
observed essentially as part of the V(H6) basin, The
RHF/6-311++G** level of theory gives a
representation of a trisynaptic basin with the highest
contribution coming from the V(CI,C2) and
V(C2,C3) (18.3%).

From Tables 1-3, we can note that a great
delocalization character (a higher coupled interaction
between all basin populations) can be associated with
the [1s,3a] TS structure. The fluctuation analysis lead
to a picture of the antarafacial siructure which can be
interpreted in agreement with the intuitive view of a
transition state completely delocalized. Hence, the
complete description presented in these tables
complements a description based only on orbital

interactions.  The [1s,3a] TS is shown as a -

delocalized structure and the patterns of such a
delocalization have been explicitly calculated. Both
the A, B, and C model calculations show the same
picture of bonding, and the topological analysis show
internal consistence.

From Tables 4-6, one can see that there are similar
localization domains for the symmeiry-forbidden TS.
Three core monosynaptic basins associated with the
core populations of the carbon centers, C(C1), C(C2)},
C(C3), five valence protonated disynaptic basins
associated to the C-H bonds, V(C1-H1}), V(C1, H2),
V(C2,H3), V(C3,H4), and V(C3,H5), and the valence
basin associated directly with the position of the
migrating center, V{H6). It must be also noted that
two monosynaptic basins V(C1), and V(C2), appears
at the RHF/6-31G* level (Table 4). Each encloses
0.67e and shows a high value of relative fluctuation
{0.79). However, the patiern of fluctuation show that
these V(C1) and V(C3) populations are delocalized
mainly with the C-C partial bonds (24.0%) and the
neighbors C-H (20.8 % and 21.0%). A significantly
lower contribution (12.7%) come from the V(H6)
basin. Hence, the V(C1) and V(C3) valence basins
can be observed as coming directly from the C-C
partial bond densities.

Analysis of Tables 4-6 reveals that the V(C,H)
populations {centered on the 2.le value) show
delocalization values (1=0.29-0.32) and exchange
behavior similar to the ones for the {1s,3a] TS. The
V(C,H) valence basins are delocalized on the closest
V(C,C) and V(C,H) neighbors but the V(C2,H3)
basin show a slightly lower population (2.02e, 2.04e
and 2.03e for the A, B, and C model calculations,
respectively).

The results from the RHF/6-31G* level of theory
shows that the basins associated with the C-C partial
bonds enclose populations of 2.5de, with a
delocalization on the V(C2,H3) basin (13.3%), the
V(H6) basin (13.0%) and the neighbor V(C,C) basin
(12.9%). Population on the V(H6) basin is only 1.02e
mainly exchanged with the V(C,C) and the V(C2,H3)
basins (25.0% and 11.9%, respectively). This picture
of the bonding could be rationalized as an hydrogen
atom-allyl radical interaction. For the B and C
model calculations the picture is essentially the same,
although the V(C1,C2) and V(C2,C3) basins does not
split in monosynaptic valence basins V(C1) and
V(C3), respectively. The V(C2,H6) basin population
(1.0% and 1.40e from the B and C models,
respectively) is exchanged with the V(C,C) (33.0%
and 25.9%) and the V(C2,H3) basins (12.7% and
16.8%). Note that the density functional meodel (C)
show a slightly delocalization of the density on the
whole molecular space. The bonding can be also
rationalized from the B and C model calculations in
terms of the interaction of an hydrogen bond with an
allyl radical. Figure 3 depicts the localization
domains of the [1s,3s] TS represented for ELF=0.80,




from the optimized wavefunction at the B3LYP/6-
3114+G** level of theory.

The topological analysis of the electron localization
function (ELF) show a picture of the bonding that
complement semi quantitatively the orbital-based
principles for the analysis of these pericyclic
transition states, It can be noted that the results
depend only slightly on the quality of the
wavefunction. The antarafacial symmetry-allowed
TS appears explicitly with a highly delocalized
electronic structure while the suprafacial symmeiry-
forbidden TS resembles an interacting hydrogen atom
with a radical allyl fragment. This picture agrees and
complements previous conclusions based on orbital
interactions arguments for this suprafacial shift."* Of
course, the present analysis is based on single
monodeterminantal wave functions from which the
[1s,3s] TS can be characterized. A study involving
more sophisticated densities, i.e. from CASSCF or CI
models, remains to be carried out and might be
addressed in order to discuss if the topology of the
ELF retains the relevant information.

From a energetic point of view, the three model
calculations lead to very different results. For
example the ZPE-corrected activation energies via the
[1s,3a] TS are predicted to be 416.36 kJ/mol, 414.31
kI/mol, and 446.61 kJ/mol for the RHF/6-31G*,
RHF/6-311+1+g**, and B3LYP/6-311+G** levels of
theory, respectively. The [1s,3s] TS at the other
hand, is located 30.19 k)/mol above, 0.52 kJ/mol
below, and 123.18 kJ/mol below, that the symmetry-
allowed TS. However it must be remarked that from
the topological analysis of the ELF the conclusions
mentioned above are similar. Our results based on
the analysis of properties associated with the ELF
basins open new insights in the understanding of this
fundamental pericyclic reaction process. It can be
seen that such analysis have a semi quantitative
complementary value to the Woodward-Hoffinan
orbital based principles traditionally used in this
direction.

CONCLUSIONS

The topological analysis of the ELF has been *

used to study the electronic nature of the symmetry-
allowed [1s,3a] TS and the symmetry-forbidden
[1s,3s] TS from three different levels of theory. From
the analysis of the properties associated with the ELF
basins, it can be shown semi quantitatively that the
allowed antarafacial stereochemistry appears as a
complete delocalized structure, while the suprafacial

one reveals almost a diradical character. This
detailed view complements the orbital symmetry
arguments used traditionally to describe the bonding
characteristics of both transition structures.
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Table 1. Basin populations I;, standard deviation 6°(N;), relative fluctuation A(N;), and main contributions of
other basins i(%) to 6*(Iy) for the [15,3a] TS from the density obtained at the RHF/6-31G* level of theory.

Basin N () AN Contribution analysis (%)
1 C(C1) 2.08 0.20 0.12 4(27.7) 5(25.8) 10(8.2) 11(29.3)
2 OC2) 207 026  0.12 6(28.3) 11(29.9) 12(29.9)
3 CC) 208 026  0.12 7(25.8) 8(27.7) 12(29.3) 13(8.2)
4 VERCl 206 062 030 1(11.9) 5(28.7) 9(5.1) 10(13.9) 11(29.8)
5 V@ELCH) 199 069  0.34 1(9.9) 4(25.6) 9(10.8) 10(14.7) 11(27.0)
6 VEC2) 212 061 029 2(12.2) 11(32.4) 12(32.4)
7 VEMC3) 199 069  0.34 3(9.9) 8(25.6) 9(10.9) 12(27.0) 13(14.7)
8§ V@HS5C3) 206 062 030 3(11.9) 7(28.7) 9(5.1) 12(29.8) 13(13.9)
9 V(HS) 096 060 062 4(5.2) 5(12.2) 7(12.2) 8(5.2) 10(19.9) 11(9.9) 12(9.9)
13(17.8)
10 V(CI) 067 053 079 4(16.0) 5(18.9) 922.7) 11(23.7) 12(5.5)
11 V(CLC2) 249 120 0.8 1(6.5) 2(6.5) 4(15.3) 5(15.5) 16(6.4) 9(5.0) 10(10.6)
12(17.3)
12 V(C2,C3) 249 120 048 2(6.5) 3(6.5) 6(16.4) 7(15.6) 8(15.3) 9(5.0) 11(17.3)
13(10.6)
13 V(C3) 067 053 079

7(18.9) 8(15.9) 9(22.6) 11(5.5) 12(23.8)

Table 2. Basin populations N, standard deviation o*(Ny), relative fluctuation A(N,), and main contributions of
other basins i(%) to o*(N) for the [1s,3a] TS from the density obtained at the RHF/6-311++G** level of

theory.
Basin N o (N) M) Contribution analysis (%)

i C(Ch 209 025  0.12 4(37.5) 5(26.5) 9(11.8) 10(28.8)
2 C(C2) 2.09 0.25 0.12 6(28.4) 10(29.7) 11(29.7)
3 c(C3) 209 025  0.I2 7(26.5) 8(27.5) 9(11.8) 11(28.8)
4  V(H2,CL) 2.09 0.62 0.30 1(11.11) 5(29.7) 9(18.5) 10(30.6)
5  V(HILCL) 2.03 0.70 0.35 1(9.4) 4(26.1) 9(27.1) 10(27.0)
6 VH3C2) 213 061 029 2(11.5) 9(8.9) 10(32.7) 11(32.7)
7 V(H4,C3)  2.03 070 035 3(9.4) 8(26.1) 9(27.1) 11(27.0)
8  V(H5.C3) 2.09 0.62 0.30 3(11.1) 7(29.7) 9(18.5) 11(30.6)
9 V(CLH6,C3) 222 1.15 0.52 4(9.9) 5(16.5) 7(16.5) 8(9.9) 10(18.3) 11(18.3)
10 V(C1C2) 253 120 047 1(6.0) 2(6.1) 4(15.8) 5(15.8) 6(16.6) 9(17.6) 11(17.6)
11 V({C2,C3) 2.53 1.20 0.47 2(6.1) 3(6.0) 6(16.6) 7(15.8) 8(15.8) 9(17.6) 10(17.6)




Table 3. Basin populations N;, standard deviation *(N;), relative fluctuation A(IN;), and main contributions of
other basins i(%) to o’(N) for the [1s,3a] TS fiom the density obtained at the B3LYP/6-311+G** level of

theory.
Basin N, o’(N)  MN) Contribution analysis (%)

I C(Ch 209 027 0.3 4(28.4) 5(22.7) 10(10.8) 11(27.9)
2 C(C2) 2.08 0.26 0.12 6(29.5) 11(28.9) 12(28.9)
3 C(C3) 2.09 027 013 7(22.7) 8(28.5) 12(27.7) 13(10.9)
4 VEHLCD) 212 068 032 1(11.2) 5(28.5) 9(5.3) 10(16.4) 11(27.2)
5 VH2,CH 1.84 0.74 0.40 1(8.3) 4(26.3) 9(12.2) 10(14.7) 11(32.0) 12(31.9)
6  V(H3,C2) 2.15 0.65 0.30 2(12.0) 11(32.0) 12(32.0)
7 V(H3,C3) 1.84 0.74 0.40 3(8.3) 8(26.3) 9(12.2) 12(25.3) 13(14.8)
8  V(H5C3) 2.12 0.68 0.32 3(11.2) 7(28.6) 9(5.3)12(27.0) 13(16.5)
9 V(H6) 0.97 0.63 0.65 -~ 4(5.7) 5(14.1) 7(14.1) 8(5.7) 10(18.3) 11(3.8) 12(8.7)
13(18.3)
10 V(CI) 0.78 0.60 0.77 4(18.4) 5(17.9) 9(19.3) 11(24.4)
11 V(C1,C2) 2.48 1.22 0.49 1(6.2) 2(6.2) 4(15.3) 5(15.4) 6(16.8) 10(12.1) 12(16.7)
12 V(C2,Cc3) 248 1.22 0.49 2(6.2) 3(6.1) 6(16.8) 7(15.4) 11(16.7) 13(12.3)
13 V(C3) 0.78 0.60 0.77 7(17.9) 8(18.4) 9(19.3) 12(24.9)

Table 4. Basin populations N;, standard deviation o*(R;), relative fluctuation A(N;), and main contributions of
other basins i(%) to o’(N;) for the [1s,3s] TS from the density obtained at the RHF/6-31G* level of theory.

Basin N o’ (N)  A(N) Contribution analysis (%)

1 CCl) 207 026 0.3 4(27.9) 5(27.5) 11828.2) 10(3.1)
2 ) 209 026 012 6(27.3) 9(8.1) 1127.9) 12(27.9)
3 CcyH 207 026 0.3 7(27.5) 8(27.9) 13(8.1) 12(28.1)
4 VE2CD 205 065 032 1(11.3) 5(24.6) 10(16.1) 11(32.8)
5 VMELCI) 206 066 032 1(11.0) 4(24.3) 10(15.7) 11(32.6)
6 V(H3,C2) 202 060 030 2(12.2) 9(13.2) 12(28.4) 11(28.8)
7 VEAC3) 206 066 032 3(11.0) 8(24.4) 12(32.6) 13(15.7)
8§  VE5C3) 205 065 032 3(11.3) 7(24.6) 12(32.6) 13(16.1)
9  V(HS) 102 065 064 6(11.9) 12(24.9) 11(25.0) 10(9.6) 13(9.6)
10 V(CD) 062 049 079 5(20.8) 4(21.0) 9(12.7) 11(24.0)
11 VICLC2) 254 125 049 2(5.9) 1(5.9) 5(17.0) 4(16.9) 9(13.0) 6(13.3) 12(12.9)

10(9.5)
12 V(C2,C3) 254 125 049 2(5.9) 3(5.9) 7(17.0) 8(16.8) 9(13.0) 6(13.4) 11(13.0)

1309.4)
3 V(C3) 062 049 079 7(20.8) 8(21.0) 9(12.7) 12(24.0)




Table 5. Basin popuIatio_t}S N, standard deviation o*(IN;), relative fluctuation A(N;), and main contributions of
other basins i(%) to o?(N;) for the [1s,3s] TS from the density obtained at the RHF/6-311-++G** level of

theory.
Basin N; o) MR Contribution analysis (%)
1 c(C1) 2.09 025 012 4(27.8) 5(28.5) 10(34.8)
2 C(C2) 2.08 025 012 9(8.1) 6(28.3) 11828.4) 10(28.4)
3 C(C3) 2.09 025  0.12 7(27.8) 8(28.5) 11(34.8)
4 VHIL,CH 212 0.67 032 1(10.8) 5(27.6) 9(5.1) 11(48.0) 10(43.9)
5  VH,CH 214 0.67 031 2(11.0) 4(27.3) 9(4.0) 11(5.3) 10(44.2)
6 V(H3,C2) 2.04 0.60  0.30 2(11.9) 9(13.7) 11(30.1) 10(30.1)
7 V(IK,.C3) 212 0.67  0.32 3(10.8) 8(27.6) 9(5.1) 11(43.9) 10(4.8)
8 V@5C3) 214 067  0.31 3(11.0) 7(27.3) 11(44.2) 10(5.3)
9  V(H6,C2)  1.09 069 063 . 4(4.9) 7(4.9) 6(11.7) 11(33.0) 10(33.0)
10 V(CL,C2) 294 142 049 2(5.0) 1(6.4) 4(27.0) 5(21.1) 9(16.3) 6{12.7) 11(12.6)
11 V(C2,C3) 294 142 049 2(5.0) 3(6.4) 7(20.8) 8(21.1) 9(16.3) 6{12.7) 10(12.6)

Table 6. Basin populations K, standard deviation o°(f%;), relative fluctuation A(N;), and main contributions of
other basins (%) to o°(N;) for the [1s,3s] TS from the density obtained at the B3LYP/6-311+G** level of

theory.
Basin N, A(N)  MN) Contribution analysis (%)
T GCl) 209 026 0.3 4(29.5) 5(30.7) 10(29.5)
2 €2 209 026 0.3 9(13.5) 10(25.9) 11(25.9)
3 C(C3» 200 026 013 7(29.5) 8(30.7) 11(29.5)
4 v@E2CH 221 071 032 1(11.1) 5(33.5) 9(5.8) 10(33.3)
5 VELCD) 234 079 034 1(10.5) 4(30.2) 8(5.0) 9(6.7) 10(33.9) 11(5.5)
6 VEHIC2) 203 064 032 2(11.1) 9(19.9) 10(26.6) 11(26.6)
7 VHSC3) 221 071 032 3(11.1) 8(33.5) 9(5.8) 11(33.3)
$ V(HAC3) 234 079 034 3(10.5) 5(5.1) 7(30.3) 9(6.7) 10(5.5) 11(33.8)
9  V(H6,C2) 1.40 0.75 0.54 4(5.5) 5(7.0) 7(5.5) 8(7.0) 6(16.8) 10(25.9) 11(25.9)
10 V(CIC2) 249 126 051 1(6.3) 2(5.5) 4(18.9) 5(21.3) 9(15.7) 6(13.5) 11{12.0)
11 V(CC3) 249 1.26 0.51 2(5.5) 3(6.4) 7(19.0) 8(21.3) 9(15.7) 6(13.6) 10(12.0)
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Figure captions

Figure 1. Schematic representation of the optimized stationary points corresponding to the {1,3] sigmatropic
hydrogen shift in the propene system.

Figure 2. Localization domains of the [ls,3a] TS represented for ELF=0.80, from the optimized
wavefimctions at the B3LYP/6-311-+G** level of theory.

Figure 3. Localization domains of the [Is3s] TS represented for ELF=0.80, from the optimized
wavefunctions at the B3LYP/6-311-+G** level of theory.







CAPITULO 4

Indices de reactividad nuclear en el
contexto de la teoria de funcionales de

la densidad

4.1 Introduccion

En el Capitulo 2 se abordaron algunos aspectos electrénicos de la
reactividad qufmica descritos mediante indices definidos como derivadas de la
energfa electrénica y la densidad.! Desde un punto de vista quimico, es claro sin
embargo, que una correcta descripcién de la reactividad requiere también la
incorporacién explicita de los ntcleos en el formalismo.*® El an4lisis de un
mecanismo de reaccién a lo largo de alguna coordenada generalizada constituye

un ejemplo claro.
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Los fndices nucleares de reactividad han recibido mayor atencién sélo

recientemente.”® La funcién de Fukui nuclear ®@,, introducida por Cohen y col.,?

_[8F.
q’a - [W] o(r) (1)

asi como el kernel global de blandura nuclear SN,

SN

]

o) @

fueron los primeros indices nucleares definidos en el formalismo de la DFT.?
En estas relaciones, F, representa la fuerza sobre el niicleo a en el sistema
molecular, N es el ntimero de electrones, u”m es el potencial quimico electrénico
y v(x) es el potencial externo. A través del teorema de Hellmann-Feynman,"' se
ha mostrado? que para sistemas con un gap electrénico bien definido, es la
densidad de frontera la que define la reactividad nuclear mientras que en

sistemas sin tal gap, la densidad local de estados cumple con este papel.

Cohen y col. también introdujeron el kernel local de blandura nuclear S,N(r)

definido como,?
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6F. ] "

SY6) =~

r

donde u(r) = p - v(r) representa el potencial generalizado. Este descriptor

depende linealmente del kernel de blandura electrénico s(r,r1),

2
S(e) = g [ oot @

Posteriormente, Baekelandt defini6 formalmente estos fndices nucleares de
reactividad en el marco de la teorfa DFT.* Partiendo de la energfa total del
sistema W]p(r),v(r)] = E[p(z),v(r)] + Via[v(r)], como la suma de las componentes
electrénica E[p(x),v(r)] y de repulsion internuclear Vanfv(r)], la funcién de Fukui
nuclear @, se interpreté como Ia contribucién conformacional al cambio en el

potencial quimico electrénico,

dply =— Z Doy (5)
donde
o[, -,
“Tlov ], (Rl (6)
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¥y Rq es la coordenada espacial del ntcleo a. La funcién de Fukui nuclear

. ‘s . . 4
describe también fluctuaciones locales de fuerza en el ensamble canénico,

B = - () () — (o 1) 7)

r

donde k y T son la constante de Boltzman y la temperatura absoluta,

respectivamente.

Debe hacerse notar que Komorowski y Ordon habfan introducido previamente

una funcién de dureza nuclear G, definida como,’

_ [ o
G = [aQaJN (®)

r

donde Q.= Ry ~ Rep es el vector de desplazamiento del dtomo o desde una
posicién de equilibrio Ra0 y 0" es la dureza quimica electrénica global. Puede
mostrarse por consiguiente que éste indice estd conectado a la funcién de Fukui

nuclear a través de,

188,
Ga="3 [ ON ]v(r) ®)
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Nuevas relaciones matematicas entre los descriptores nucleares de reactividad
en las cuatro representaciones de Legendre para los ensambles principales de la
DFT™' fueron deducidas por Geerlings y col.® Un kernel local de dureza

nuclear n™(r) fue también explicitamente introducido,®

o - () o

Recientemente, Balewander y Geerlings propusieron un esquema
computacional para el célculo de la funcién de Fukui nuclear a través de
ecuaciones de la teorfa de perturbaciones en el formalismo de HF en una

aproximaci6n de diferencias finitas.”

En ese contexto, el efecto Jahn-Teller ha
sido examinado a la luz de los indices nucleares y electrénicos de reactividad.?
Ayers y Parr han derivado algunos principios de reactividad quimica basados

en un esquema variacional que involucra fndices de reactividad definidos

explicitamente en términos de cambios en el potencial externo."”

Resulta claro sin embargo que una representacién completa de la respuesta
quimica en un esquema perturbativo, debe introducir funciones de respuesta y

18,19

kernels de o6rdenes superiores. Estas respuestas deben involucrar no

solamente indices de naturaleza electrénica, explorados en el Capitulo 2,' sino
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también descriptores nucleares de reactividad.*® Con el propésito de extender
el formalismo de reactividad antes explorado a los descriptores de reactividad
nuclear, se abordaré aquf la biisqueda de relaciones generales entre los fndices
electrénicos y las derivadas superiores de la funcién de Fukui nuclear ®,. Para

ello introduciremos la siguiente