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RESUMO GERAL

Derivados halogenados do metanol (halo = F, Cl e Br) foram estudados
teoricamente em fase gasosa e solucdo aquosa implicita e explicita, segundo suas
orientagdes anti e gauche obtidas pela rotagao do angulo diedro X—C—O-H. Foi
constatado que as coformacgdes gauche sdo mais estdveis em razdo da
hiperconjugacédo no—oc*c.x (efeito anomérico generalizado). Além disso, uma
avaliacdo entre a dependéncia da constante de acoplamento Jc - com 0 momento
de dipolo molecular e efeitos hiperconjugativos foi realizada, fazendo uma
alusdo aos efeitos que regem o conhecido efeito Perlin, que opera em alguns
compostos heterociclicos. O efeito Perlin refere-se ao fato de que 1JC,HaX<1J¢,Heq
em anéis de seis membros - cicloexanos ou piranoses - e pode ser Util para
definir a estereoquimica de, por exemplo, carboidratos. Assim, avaliagdes dos
efeitos operantes na constante de acoplamento “Jcr em o- e B-D-flior-glicose
tetra-acetilada em solucdo polar e ndo polar, utilizando técnicas experimentais
(RMN) e tedricas, revelam que o fendbmeno denominado “efeito Perlin reverso
do fluor" apresenta relacdo com efeitos dipolares, e ndo com hiperconjugativos,
assim como no 2-flior-1,3-dioxano e no 2-flor-1,3-ditiano. Entretanto, de
acordo com uma analise minusciosa baseada em CMO's (Canonical Molecular
Orbitals), sugere-se que o efeito Perlin reverso do fldor, em 2-flGor-piperidina e
compostos contendo os fragmentos C—X—CHF-X (em que X = O ¢ S), deve ser
interpretado em termos de uma compressdo espacial referente aos pares de
elétrons livres dos heterodtomos sobre o atomo de fluor, provocando um
encurtamento da ligacdo C—F. Essa interagdo ¢ proporcional aos efeitos
dipolares, tornando-as dificil de distinguir. Nas piperidinas 2, 3 e 4-
monofluoradas e respectivas espécies ibnicas, efeitos indutivos, estéricos,
eletrostaticos e hiperconjugativos s&o responsaveis pelo comportamento de *Jc .

Palavras-chave: Andlise conformacional. InteracBes intramoleculares. SSCC
“Jer. QTAIM. NBO.



GENERAL ABSTRACT

Halogenated methanol derivatives (halo = F, Cl and Br) were theoretically
studied in the gas phase and implicit/explicit aqueous solution, taking into
account the anti and gauche orientation obtained by rotating the X-C-O-H
dihedral angle. It was found that the gauche coformation is more stable because
of the hyperconjugative interaction no—c*c.x (generalized anomeric effect). In
addition, an assessment of the dependence of the *Jc ¢ coupling constant with the
molecular dipole moment and hyperconjugation effects was performed, making
an allusion to the effects that govern the known Perlin effect, . The Perlin effect
refers to the fact that 1Jc,Hax<1Jc,Heq in six-membered rings - cyclohexanes or
pyranoses - and may be useful to define the stereochemistry of, for example,
carbohydrates. Thus, evaluation of the effects operating on the *Jcg coupling
constant in tetra-acetylated o- e B-D-fluoro-D-glucose in polar and nonpolar
solution, using experimental (NMR) and theoretical techniques, revealed that the
so-called "reverse fluorine Perlin-like effect" is correlated with dipole effects,
and not hyperconjugation, as well as in 2-fluoro-1,3-dioxane and 2-fluoro-1,3-
dithiane. However, according to a detailed analysis based on CMO's (Canonical
molecular orbitals), it is suggested that the reverse fluorine Perlin-like effect in
2-fluoropiperidine and compounds containing the C-X-CHF-X fragment (where
X = 0 and S) should be interpreted in terms of a spatial compression related to
the heteroatom electron lone pairs on the fluorine atom, resulting in a shortening
of the C-F bond. This interaction is proportional to dipolar effects, making them
difficult to distinguish. In 2, 3 and 4-monofluorinated piperidines and respective
ionic species, inductive, steric, electrostatic and hyperconjugative effects are
responsible for the behavior of *Jc .

Keywords: Conformational analysis. Intramolecular interactions. 'Jc¢ SSCC.
QTAIM. NBO.
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PRIMEIRA PARTE

1 INTRODUCAO GERAL

Em 1890, Sachse identificou a existéncia de dois tipos de ligacdo C-H
para o cicloexano (axial e equatorial), fornecendo indicios para o descobrimento
de sua conformag&o cadeira (SACHSE, 1890). Anos mais tarde, Barton e Hassel
(1969) receberam o Prémio Nobel por contribuigdes para o desenvolvimento do
conceito de conformacdes e suas aplicagdes em quimica. Desde entdo, estudos
conformacionais de moléculas organicas tém sido objeto de importantes
pesquisas atuais em areas de quimica organica, medicinal e bioguimica. Esses
estudos sdo recorrentes para a compreensao dos principais efeitos operantes na
estereoquimica e reatividade de moléculas orgéanicas (SMITH, 1994), além
disso, eles também podem esclarecer a influéncia dos efeitos que regem
propriedades moleculares macroscopicas, tais como a atividade biolégica (KAY
etal.,, 1970).

Nesse sentido, a reatividade e a estabilidade de moléculas dependem,
fundamentalmente, de trés fatores, que sdo os efeitos estéricos, eletrénicos e
estereoeletronicos; além de sofrerem influéncias por efeitos de solventes,
temperatura, pH e etc.. O efeito estérico estd relacionado a interagdo entre
grupos ou atomos volumosos, resultando em uma desestabilizacdo do sistema
(FREITAS e RAMALHO, 2013). Esse efeito pode ser ilustrado de acordo com
uma interagdo entre 2 orbitais e 4 elétrons (Figura 1A). Assim, se o sistema ndo
puder evitar a interacdo repulsiva por mudangas conformacionais, o resultado
serd um par de elétrons com maior energia. Para o etano, por exemplo, foi
sugerido que efeitos hiperconjugativos favorecem sua estrutura alternada em
razdo da deslocalizacdo eletrénica oc.y — 6*c.h (POPHRISTIC e GOODMAN,

2001). Por outro lado, uma interpretacdo classica, envolvendo efeitos de
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repulsdo estérica, foi julgada dominante sobre a barreira de rotacdo do etano
(MO e GAO, 2007).

1 A
' | A ; . B
v 1 AY
\ i v
A
\\ ‘f :— \PZ
\ r' I
t% \PZ ' :
i
/ Y1777, .
/ Y ]
\ 1
AY l/ AE AY L
\ !
| * AE4: energia de desestabilizagdo - - hH-f
AE; > AE, AEj: energia de estabilizagéo

Figura 1. Interacdo repulsiva do tipo 2 orbitais e 4 elétrons (A, como em
repulsdes syn-1,3-diaxiais) e atrativa do tipo 2 orbitais e 2 elétrons (B, como em
ligagcOes de hidrogénio).

InteracBes repulsivas também podem ter origem eletrostatica, embora,
nesse caso, forcas atrativas também possam ocorrer. 1sso se deve ao fato de que
muitas ligagBes quimicas sdo polarizadas por efeito eletrdnico indutivo ou de
campo, causando um acumulo ou deficiéncia eletrdnica ao redor de um grupo ou
atomo. Assim, por exemplo, em fragmentos onde conformacdes anti e gauche
sdo possiveis (Figura 2), a forma anti sera preferencial quando as cargas dos
substituntes envolvidos na interagdo possuirem o mesmo sinal e, de outro modo,
a forma gauche podera ter preferéncia quando os substituintes tiverem cargas

opostas (efeito gauche eletrostatico).

LY. L* w
H w” H L* H W~
H H H H H H
H H H
forca atrativa forcas repulsivas

Figura 2. InteracBes eletrostaticas envolvendo forcas de atracdo e repulsdo em
substituintes.
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Por outro lado, além dessas interacdos classicas, efeitos
estereoeletrdnicos (fendmenos de natureza quéantica) envolvem sobreposicdo de
orbitais (tais como a hiperconjugacdo), e sdo importantes em processos de
reagBes quimicas e estabilidade estrutural. Nesse contexto, segundo a Teoria dos
Orbitais de Fronteira (FMO, Frontier Molecular Orbitals), Fukui destaca a
importancia da interagdo dos orbitais de fronteira HOMO (Highest Occupied
Molecular Orbital) e LUMO (Lowest Unoccupied Molecular Orbital) nesses
processos (FUKUI, 1970; FUKUI, 1982), sendo que tranferéncias eletronicas
sdo, em geral, facilitadas quando houver interacdo entre orbitais doadores de
elétrons de alta energia e orbitais receptores de baixa energia (Figura 1B). Sendo
assim, serdo a capacidade doadora e/ou receptora de elétrons dos orbitais que
interagem entre si, além de suas orientacBes e simetrias, que determinardo a
eficacia de interagdes hiperconjugativas (FREITAS et al., 2013).

Diferentes atomos presentes em ligagdes quimicas do tipo C-X
influenciam a transferéncia eletrbnica entre orbitais. Em razdo da energia
relativa dos orbitais atbmicos diminuir no periodo da Tabela Periddica,
conforme o aumento da eletronegatividade e também da carga nuclear, os
elétrons tendem a ficar presos com maior intensidade aos ndcleos e se
acomodam em orbitais moleculares de menor energia. Considerando o0s
elementos do segundo periodo, X = C, N, O e F (Figura 3), a capacidade o-
doadora ira diminuir no sentido da ligacdo C-C para C-F, uma vez que 0s
elétrons da ligagdo o sdo atraidos com maior forca pelo atomo de F. No entanto,
a capacidade o*-aceptora aumenta em ligagfes mais polarizadas em decorréncia
da maior eletronegatividade do atomo e, nesse caso, orbitais c*cr serdo
melhores aceptores de elétrons (Figura 3).

Considerando agora ligagGes entre C e halogénios (X = F, Cl, Bre 1),

podemos notar, pelo diagrama da Figura 4, que a ligacdo C-1 é melhor doadora



18

de elétrons o. 1sso se deve tanto a menor eletronegatividade do | na série quanto
a maior diferenca de tamanho entre C e I, que forma uma ligacdo mais fraca,
aumentando o carater doador do orbital oc.;. Entretanto, a eletronegatividade ndo
explica a melhor capacidade aceptora do orbital o*¢,, esperada para o orbital
o*c.r. Nesse caso, a fragilidade da ligagdo C-I, que determina a grande tendéncia
do orbital o*c, em receber elétrons via carbono, é descrita pela matriz de
interacdo entre os orbitais atdmicos de C e X (hcx) que, por sua vez, é
proporcional & integral de overlap Scx. A Scx prediz que a sobreposicdo entre
orbitais é tdo eficiente quanto a compatibilidade dos volumes atdmicos
envolvidos (RAUK, 2001; FREITAS, 2013).

ligantes: Seox

LT CHs~CH3

“ CH3—NH-
CH3-OH
anti-ligantes: "E;—x i CH3-F
pior doador

= CH3-CHj

= CH3—OH

— CH3-F
melhor aceptor

Figura 3. Diagramas de energia para orbitais ligantes e antiligantes da ligacéo
C-X paraasérieX=C,N,OeF.
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C-1 C-Br C-C1 C-F

Figura 4. Diagramas de energia para orbitais ligantes e antiligantes da ligacéo
C-X paraasérie X=F,Cl, Brel.

Desse modo, interac@es hiperconjugativas do tipo n—c*, c—>n*, 1—>c*
e o—o*, sdo utilizadas como mecanismos para explicar caracteristicas
conformacionais de sistemas moleculares (EDISON et al., 1995). Além disso,
sabe-se que essas interagdes afetam constantes de acoplamento escalar spin-spin
(J), envolvendo nicleos como *H, *C, *°F, etc.

Em razdo de o fldor ser o &tomo mais eletronegativo, o que favorece um
LUMO o*c. de baixa energia em Quimica Organica, sua ligagdo com o carbono
anomérico, em derivados de monossacarideos, fornece os melhores prospectos
para observar efeitos que envolvam deslocalizagdes eletronicas, bem como
interacOes dipolares.

Este trabalho propbe o estudo do comportamento da constante de
acoplamento "Jc  para os andmeros o e B da fllor-glicose tetra-acetilada (Figura
5). Esses heterociclos modelos séo protétipos Gteis para se avaliar as interacdes
que governam a magnitude da referida constante de acoplamento, pois ndo
contém os grupos hidroxila da glicose, que podem interagir por ligagdo de

hidrogénio intramolecular com o atomo de flGor e, portanto, interferir na
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magnitude da constante de acoplamento 'Jc. Além disso, analogos ciclicos e
aciclicos, representados na Figura 6 (halometandis), na Figura 7 (éteres e
tioéteres fluorados) e na Figura 8 (flUor-piperidinas), foram avaliados
computacionalmente para verificar a dependéncia da constante de acoplamento
“Jer, bem como também as interacBes intramoleculares (hiperconjugativas e

eletrostaticas) de acordo com a tor¢do de seus respectivos angulos diedros.
AcO AcO

AcO o AcO O
ACO AcO F

AcO AcO
F

andémero o anémero

Figura 5. Andmeros o e 3 da fluor-glicose tetra-acetilada.

0—
H HoH

X=F,CleBr
Figura 6. Derivados halogenados do metanol.

F F
¢ ¢ ¢ (0]
S F ) ¢
e S SV \Oégo/ \S/éwgs/

o Qg U
N L L

Figura 7. Derivados ciclicos e aciclicos de éteres e tioéteres fluorados.
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T

olele

Figura 8. Piperidinas (neutra, catibnica e anidnica) 2, 3 e 4-flior-substituidas.

Portanto, como objetivo deste trabalho, espera-se definir as origens do
acoplamento Jc.r nos compostos acima ilustrados, com énfase especial para o
derivado fluorado do principal monossacarideo em quimica de carboidratos: a
glicose. Com isso, espera-se sistematizar o comportamento da referida constante
de acoplamento em funcdo da conformacdo, o que pode ser util para definir a
estereoquimica de carboidratos fluorados e derivados, nos casos em que dados
de RMN de 'H ndo sejam suficientes para fornecerem as informagdes

necessarias.
2 REFERENCIAL TEORICO
2.1 Teoria do Funcional de Densidade

Com o advento da mecénica quantica moderna, segundo teorias que vdo
de Heisenberg a Dirac (SILVA, 2003), aliada a ciéncia da computacdo, diversas
propriedades moleculares podem ser determinadas quantitativamente, além de
poderem ser identificadas a natureza de diferentes interagfes quimicas,
auxiliando, portanto, na interpretacdo de resultados experimentais. Os métodos
de calculos teoricos a isso destinados sdo divididos basicamente em Mecanica
Molecular (embasados nas leis da fisica classica) e Mecénica Quéntica (semi-
empicos, ab initio e Teoria do Funcional de Densidade). Uma forma bastante
recorrente entre os quimicos tedricos para a previsao de tais propriedades € o

emprego da Teoria do Fucional de Densidade (Density Functional Theory -
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DFT), que utiliza como variavel béasica a densidade eletronica p(r), para a
descricdo da distribuicdo de cargas presentes em uma estrutura molecular
(DUARTE, ROCHA, 2007). Uma grande vantagem da DFT, em relacdo a teoria
de Hartree-Fock (um modelo ab initio) para o célculo da energia total de um
sistema, consiste no fato de o problema da correlacdo eletr6nica estar presente
em seu formalismo. Métodos p6s-Hartree-Fock (baseados nas equag@es ab initio
de Hartree-Fock-Roothaan), tais como MP2, MP4, CI, CCSD, etc., também
levam em consideracdo a correlacdo eletronica. Porém, a demanda
computacional € bem maior em relacdo a DFT.

Importantes infomagdes contidas em sistemas que s&o exploradas por
técnicas espectroscopicas, tais como infravermelho, Raman, ressonancia
magnética nuclear e ressonancia eletrénica paramanética, também podem ser
obtidas teoricamente com bastante precisdo através da DFT. Além disso, esse
método tem capacidade de descrever sistemas moleculares relativamente
grandes, descrevendo de forma realistica estruturas organicas, inorganicas,
metélicas e semi-condutoras. Em decorréncia, a metodologia do funcional de
densidade vem sendo amplamente utilizada em pesquisas farmacéuticas,
agroguimicas, complexos organometalicos e cataliticos, além de fendmenos de
superficie e de quimica do estado solido. Os conceitos fundamentais da teoria do
funcional de densidade remetem aos trabalhos de Thomas-Fermi (1927), Dirac
(1930) e Slater (1937); seguido de conceitos mais modernos para estados nao
degenerados formulados por Hohenberg e Kohn (1964), relativos a gas de
elétrons ndo-homogéneos; e pela elaboracdo de equacgBes auto-consistentes
(incluindo efeito de troca e correlagdo), segundo trabalhos de Kohn e Sham
(MORGON, CUSTODIO, 1994).

Os dois teoremas béasicos que servem de suporte para a DFT,

estabelecidos por Hohenberg-Kohn, séo:
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I.  a fungdo de onda do estado fundamental e dai todas as propriedades
deste estado s&o funcionais da densidade eletrénica p(r). Desse modo,
a densidade eletronica de um sistema ird determinar o potencial externo
v(r) e o nimero de elétrons N e, portanto, o préprio Hamiltoniano do
sistema.

Il.  aenergia do estado fundamental de um sistema multieletrénico sob um
dado potencial externo v(r), pode ser escrita como:
Ey[p()] = [v(r)p(r)dr + Fp] (1)
em que F é denominado funcional universal de p, que independe do
potencial externo v(r). Qualquer aproximacao da densidade eletrénica
p (r), de modo que p'(r) = 0 e [ p(r)dr = N, a energia total sera sempre
maior ou igual a energia exata do sistema, ou seja, E[p] > E[p] = Eo.

Pelo segundo teorema, o funcional universal de p é definido como:

Flpl = (Y|T + V|p) (2)

uma vez que os termos T (operador energia cinética) e V7 (operador de repulséo
elétron-eletron, incluindo repulsdo coulombiana e os termos ndo classicos de
troca-corrrelacdo) sdo universalmente aplicaveis a todos sistemas eletronicos.
Assim, a energia total de um sistema eletrénico (Eq. 3), considerando o
Hamiltoniano com aproximacdo de Born-Oppenheimer para o0 estado

fundamental, pode ser reescrita de acordo com o principio variacional (Eq. 4).
Eo = (W|T + V[y) + [v()p(r)dr 3)

Eo = Eylp] = Flpl + [v()p(r)dr < E,[p] =F[pl + [v()p(r)dr  (4)
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A Equacdo 3 é reescrita por Kohn e Sham, e a repulsdo elétron-elétron é

explicitada, o que fornece uma nova fungao universal G[p]:

E,lp] = Glp) + 3 [ Z22E2 drydry + [ v(r)p(r)dr (5)
Uma vez que
Glp] = Tslp] + Exclp] (6),

onde T[p] representa o funcional de energia cinética de um sistema de elétrons
gue ndo se interagem, e tem a mesma densidade eletrbnica do sistema de
elétrons que interagem. Com isso, Kohn e Sham admitem um sistema cuja
referéncia se constitui de particulas independentes. Portanto, o termo E[p]
descreve ndo somente o termo ndo-classico (troca e correlagdo) de interagdo
elétron-elétron, mas também uma parte residual da energia cinética T[p] — Ts[p],
em que T[p] € a energia cinética exata para o sistema de elétrons que interagem
(DUARTE, ROCHA, 2007).

2.1.1 Funcionais de troca e correlacéo

Hohenberg e Kohn ja haviam proposto em seus teoremas a existéncia de
um funcional da densidade eletrbnica, apesar deste ser inteiramente
desconhecido e, portanto, precisar de aproximacGes. Nesse sentido, a energia de
troca-x e correlagdo-c (E,) de Kohn-Sham aparece como parcela essencial da
DFT, sendo a enegia de troca o termo de maior contribuicdo para E,. (CHAI,
HEAD-GORDON, 2008). Esse funcional pode ser escrito separadamente nos

termos de troca e correlacdo:
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Exclpl = Exlpl + Eclpl = [ p(Mex[p(M]dr + [ p(Mec[p(r)]dr (7)

No entanto, alguns funcionais de densidade de gradiente-corrigido
semi-local, apesar de bem sucedidos em diversos casos, apresentam falhas
qualitativas no tratamento preciso da ndo localidade de cavidades de troca-
correlacdo, como efeitos incorretos de auto-interacdo sobre dissociacdo e
excitagdes envolvendo tranferéncia de carga a longo alcance. Erros dessa
natureza podem ser resolvidos empregando funcionais de densidade hibridos
com correcdes de longo alcance (LC: long-range corrected), gerando melhores
resultados de importantes propriedades para um dado sistema quimico. Um dos
funcionais LC desenvolvidos foi denominado «B97 e seu correspondente
funcional, incluindo um parédmetro adicional exato de troca para curto alcance,
foi definido como wB97X. Entretanto, problemas associados a descri¢do de
interagdes de dispersdo de longo alcance (forgas de London) foram solucionados
com a implementagdo de um novo funcional, contendo corregdes de dispersdes
empiricas (DFT-D). Assim, o funcional «B97X-D, desenvolvido por Chai e
Head-Gordon, produz resultados bastante satisfatorios para termoquimica,
cinética, interagdes ndo-covalentes e geometrias de equilibrio.

De modo geral, a energia total de um sistema que inclui corre¢fes de
dispersdo em seu funcional (como B97-D, B3LYP-D, BLYP-D ou wB97X-D),

pode ser decomposta da seguinte forma:

Eprr—p = Eks—prr *+ Eaisp (8)

Os diversos funcionais desenvolvidos se enquadram a apenas um
determinado tipo de sistema e devem ser escolhidos, juntamente com as fungdes
de base, de maneira criteriosa para que 0s resultados sejam satisfatorios. Nesse

sentido, apesar do método DFT possuir uma exatidao teérica, seus fucionais vém
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sendo melhorados e modificados por precessos de otimizagdo ou empiricos, a
fim de descrever melhor as propriedades de um sistema. Assim, funcionais como
o0s descritos acima tentam corrigir problemas referentes aos sistemas fracamente
ligados, tais como ligacbes de hidrogénio, halogénio e/ou efeitos eletrostaticos,
importantes em sitemas bioldgicos como, por exemplo, a¢bes enzimaticas, que

sdo altamente governadas por essas interagdes.
2.2 FuncGes de base

Segundo a Teoria do Orbital Molecular (TOM), um orbital molecular
individual pode ser escrito como uma combinacéo linear de orbitais atdbmicos, de
acordo com a equagdo abaixo (FORESMAN; FRISCH, 1993):

@ = Z,IY=1 CuiXy, )

em que ¢ representa o i-ésimo orbital molecular, c,; sdo os coeficientes iniciais
da combinagdo linear, y, € 0 u-ésimo orbital atbmico e N é o nimero de orbitais
atdbmicos. Na construcdo de orbitais moleculares pela DFT, a densidade

eletrbnica é descrita a partir da Equagéo (9):

p() = Zlei(M)|? (10)
Programas que realizam célculos de estrutura eletrdnica, tais como o

Gaussian (usado nesse trabalho), utilizam funces atémicas gaussianas como

funcBes de base. Uma funcdo gaussiana pode ser descrita como:

g(a,r) = cxy™mzle—ar® (11)
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em que r sdo as coordenadas X, y € z; e a ¢ uma constante que determina o

. ~ . ~ ~ . —arl -
tamanho (dimenséo radial) da funcdo. Numa funcéo gaussiana, o termo e~ %" ¢
multiplicado por poténcias de X, y € z, e por uma constante para normalizacgdo,

assim:

[2g*=1 (12)

desse modo, ¢ sera dependente de a, I, me n.
As funcBes a seguir sdo exemplos de gaussianas primitivas

normalizadas tipo 1s, 2p e 3d, respectivamente.

8a3 1/4
gis(ar) == e
7-[3
128a5\"* __,
gsz(al r) = 71_3 xe

2048a7\"*
g3dxy(0(.7")= T3 xye

Combinagbes lineares de gaussianas primitivas como essas Ss&o
utilizadas para formar as fungdes de bases reais. Essas Ultimas sdo chamadas

gaussianas contraidas e tém a forma:

Xi = Zp d/,u'gp (13)

em que o d,; corresponde aos coeficientes contidos em um determinado

conjunto de bases. As funcdes contraidas também sdo comumente normalizadas.
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Todas essas construgdes resultam na seguinte expansdo para orbitais

moleculares:
¢i = Zﬁ:l CuiXy = Zu Cui (Zp duigp) (14)

Pople e colaboradores (POPLE el al., 1984) sugeriram uma série de
fungdes gaussianas poliatbmicas contraidas, designadas como: 3-21G, 6-31G, 6-
31+G, 6-31+G*, 6-311G, 6-311++G**, entre outras. A notacdo 3-21G é uma
representacdo em que trés primitivas formam um primeiro grupo, duas
primitivas formam um segundo grupo, e uma primitiva um terceiro grupo. A
notacdo de Pople para contragdes de fungdes gaussianas (representadas pela letra
G), também indica que os orbitais mais préximos do ndcleo estdo a esquerda do
hifen e os de valéncia a sua direita.

Resultados de célculos SCF (Self-Consistent-Field) atémicos sdo uma
maneira comumente empregada para a determinacdo de contracBes. Nesses
calculos, utiliza-se uma funcdo de base gaussiana nao-contraida relativamente
grande, em que 0s expoentes sdo otimizados, além de serem obtidos os
coeficientes SCF de cada um dos orbitais atdmicos derivados. Desse modo, a
subsequente determinacdo de expoentes e coeficientes contraidos para uma
funcdo de base pequena, pode ser usada para calculos em nivel molecular com
menor custo computacional. A seguir, segue um exemplo de um conjunto de
bases tipo-s ndo-contraidas (4s) para o atomo de hidrogénio, sendo modificadas

para um conjunto tipo-s contraidas [2s]. Assim, as bases ndo-contraidas (4s):

#,, = 0.50907g;,(0.123317,7) + 0.47449g,,(0.453757,r) +
0.13424g,,(2.01330,7) + 0.01906g,(13.3645,7) (15)

sdo contraidas para [2s]:
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x1(r) = 915(0.123317,r) (16)

¥2(r) = N[0.47449g,,(0.453757,7) + 0.134249,,(2.01330,7) +
0.01906g,(13.3645,7)]

= 0.817238g,4(0.453757,7) + 0.231208g,(2.01330,7) +
0.0328289,,(13.3615,7) (17)

Esse modelo de contragdo é definido como (4s)/[2s] (SZABO; OSTLUND,
2014).

Aos conjuntos de bases de Pople podem ser incluidas fungdes difusas
(simbolizadas por + ou ++) e/ou de polarizacdo (simbolizadas por * ou **),
tendo em vista que o conjunto de fungdes de base em ambientes atdbmicos ndo
leva em consideracdo a distor¢do da nuvem eletrdnica, que é caracteristica de
sistemas multicéntricos. Como a energia total de um sistema multieletrdnico é
dependente, em grande parte, dos elétrons mais internos (préximos do nicleo),
com a minimizacao da energia, as funcbes de base descreverdo, de maneira mais
apropriada, os elétrons mais internos em relacdo aos de valéncia. Contudo,
algumas propriedades, como a polarizabilidade, dependem, principalmente, dos
elétrons de valéncia (parte da funcdo de onda mais externa) para serem
representadas de forma mais adequada. Assim, funcBes difusas séo
acrescentadas aos conjuntos de bases, sendo totalmente otimizadas em relacéo a
energia atbmica no estado fundamental, contribuindo para uma melhor descricéo
espacial (maior regido) dos orbitais ocupados. Ja as fungdes de polarizacdo
auxiliam na descrigdo das distorcbes da nuvem eletrbnica em ambiente
molecular, importantes na descricdo das ligacdes quimicas, além de
corresponderem a fungfes adicionais com momento angular diferente daquele

apresentado pela base original. Por exemplo, a funcdo de onda exata para um
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atomo de hidrogénio isolado é apenas o orbital 1s. Se 0 &tomo de hidrogénio for
inserido em um campo elétrico uniforme, a nuvem eletrénica sera atraida na
direcdo do campo elétrico e a distribuicdo de carga ao redor do ndcleo ficard
assimétrica, ou seja, polarizada. Nesse sentido, um atomo de hidrogénio em uma
molécula experimenta um efeito similar (apesar de um campo ndo uniforme),
que ira tornar seu orbital ndo esférico. No entanto, pela adi¢do de funcbes de
polarizacdo, isto €, funcbes tipo p, ao conjunto de bases do hidrogénio, esse
efeito é acomodado. Em geral, fungdes tipo d (*) sdo adicionadas aos conjuntos
de base de atomos mais pesados, enquanto fungdes tipo p (**) sdo adicionadas
ao conjunto de base de atomos de hidrogénio. A representacdo de funcoes
gaussianas contraidas sem fungdes de polarizagdo tem a forma: STO-3G, 4-31G,
etc., e com funcBes de polarizagdo: 6-31G*, 6-31G**, etc. (MORGON;
CUSTODIO, 2001).

2.3 Orbitais naturais de ligacao

A analise de orbitais naturais de ligacdo (Natural Bond Orbital - NBO) é
utilizada para avaliar efeitos de deslocalizagdo eletrénica, com base em atomos
ou grupos doadores e aceptores de elétrons. Os NBOs sao orbitais localizados ao
longo das ligagBes quimicas, de tal maneira que os elétrons sdo distribuidos nas
regibes que compdem orbitais atdbmicos e moleculares. Desse modo, cargas
atbmicas e interacdes intra ou intermoleculares, por exemplo, importantes em
estudos conformacionais e bioldgicos, podem ser descritas por meio da
densidade eletrdnica de &tomos ou grupos que se interagem.

Os NBOs podem ser considerados a partir de uma sequéncia de
transformacdes, partindo de um conjunto de base de orbitais atdmicos y;
(orbitais candnicos).

orbitais atdbmicos - NAOs —» NHOs — NBOs — NLMOs
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Nessa sequéncia, 0s termos que representam os orbitais naturais
formados sdo: atémicos (Natural Atomic Orbitals-NAQOs), hibridos (Natural
Hybrid Orbitals-NHOs), de ligacdo (Natural Bond Orbital-NBQOs) e moleculares
(Natural Localized Molecular Orbitals-NLMOs). A regido espacial que compde
um NBO altamente ocupado de uma estrutura de Lewis pode ser distinguida de
orbitais antiligantes (ou "ndo-Lewis") e de orbitais de Rydberg (estados
excitados de atomos ou moléculas que seguem a equacgdo de Rydberg), que
completam a extenséo do espaco NBO. Cada par de hibridos de valéncia ha e hg
na base NHO d& origem a um orbital ligante (cag) € um antiligante (c*ag) na
base NBO, em que cag = Caha +Cghg (0rbital de Lewis ocupado) e 6*ag = Cgha —
cahg (orbital ndo-Lewis desocupado). Os orbitais antiligantes desempenham um
importante papel nas transigdes eletronicas a partir da estrutura idealizada de
Lewis (WEINHOLD, LANDIS, 2005). A energia de interagdo correspondente a

essa transi¢ao [doador(i)—aceptor(j)] é dada por:
AEl-Z_)j = -2 (ai|F|aj)/sj —& (18)

em que F representa o operador de Fock ou Kohn-Sham e os termos c; e o;
correspondem as energias dos orbitais doadores e aceptores, respectivamente.

As interacbes doador-aceptor, quantitativamente computadas por
calculos tedricos, podem ocorrer por meio de orbitais de atomos ligados
(Through Bond - TB) ou ndo ligados (Through Space - TS), e sdo representadas
da seguinte forma: sigma ligante (o), sigma antiligante (c*), pi ligante (n), pi
antiligante (n*), pares de elétrons livres (LP) e outros menos usuais, como 0s
orbitais de Rydberg (RY e RY*) e aqueles que envolvem elétrons mais proximos
do nucleo (CR). TransicOes eletronicas envolvendo esses orbitais podem afetar
valores de constantes de acoplamento. Assim, o acoplamento via contato de

Fermi pode ser detectado através dos orbitais moleculares canénicos (CMOs -
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Canonical Molecular Orbitals). O ponto principal é determinar a regido espacial
gerada por cada CMO, e isso é feito através da expansdo de cada CMO em
termos de NBOs.

2.4 Teoria quantica de &tomos em moléculas

Um dos postulados fundamentais da mecanica quantica afirma que todas
as informacGes de um sistema estdo contidas em sua fungdo de onda W, que
pode ser relacionada com a probabilidade de encontrar uma particula num
determinado ponto do espago ao multiplicarmos essa funcéo pelo seu complexo
conjugado (W*W¥). Considerando um sistema de N elétrons, uma outra funcéo,
denominada densidade de probabilidade P(r), pode ser obtida pela integracéo de
¥ sobre todas suas coordenadas espaciais. Desse modo, ao multiplicarmos P(r)
pelo nimero de elétrons N, obtemos a fungdo de densidade eletronica p(r). Uma
importante vantagem de se trabalhar com a p(r), como informacao basica de um
sistema, esta relacionada ao fato de técnicas experimentais, como cristalografia
(POPELIER, 2000), poderem ser comparadas diretamente com resultados
tedricos de p(r). Nesse sentido, Richard F. W. Bader (BADER, 1985b; BADER,
1991a) desenvolveu a teoria quantica de atomos em moléculas (Quantum Theory
of Atoms in Molecules - QTAIM), em que propriedades de estruturas eletrénicas
e ligacGes quimicas podem ser elucidadas a partir das derivadas de o(r):
gradiente Vo(r) e Laplaciano V2p(r).

A condicdo que define um subsistema quantico é definida em termos de
uma propriedade do gradiente da densidade eletrdnica Vp(r), de modo que a
superficie delimitadora do subsistema ndo deve ser atravessada por quaisquer
vetores gradiente de p(r). Como o vetor gradiente deve sempre apontar na
direcdo de maior aumento da densidade eletronica, sera, consequentemente,

sempre perpendicular as linhas de densidade constante. Assim, o produto escalar
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entre o vetor gradiente e o vetor unitario normal & superficie devera ser nulo
(Vp-7i =0).

Desse modo, duas trajetorias de gradiente irdo se interceptar apenas em
algum ponto critico (CP) e, a partir de um conjunto de trajetérias de gradiente
provenientes da superficie de contorno, uma dada estrutura se particionard em
por¢des chamadas de bacias atdbmicas, que indicam uma regido pertencente a
cada atomo (Figura 9). Isso quer dizer que o &tomo domina a por¢ao molecular
correspondente as trajetorias de gradiente que atrai para si, e é chamado de
atrator (ou atrator nuclear - NA). Portanto, as trajetérias do gradiente da
densidade eletrénica se moldam para descrever um sistema quimico e tém
origem em um ponto localizado entre dois atratores, que sdo chamados pontos
criticos de ligacdo (Bond Critical Points - BCPs). Quando duas trajetdrias de
Vp(r) direcionadas aos nucleos séo formadas a partir de um unico BCP, estas sdo
chamadas de linhas interatdbmicas (Interatomic Lines - IL) ou caminhos de
ligacdo (Bond Paths - BP), que representam a condic¢do necessaria e suficiente
para a interacdo entre dois atratores, ou seja, a formacdo de uma ligagdo

guimica.

Figura 9. Exemplo de particionamento molecular em bacias atémicas.
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Além dos BCPs e NAs (atribuidos, geralmente, aos nicleos) outros dois
CPs podem ser identificados em um gréafico molecular: os pontos criticos de anel
(RCPs) € 0s pontos criticos de gaiola (CCP).

A analise do BCP fornece informacGes sobre a natureza da interacdo
atdbmica, enquanto a sua localizagdo, como também a dos outros CPs citados

anteriormente, esta no campo Laplaciano VZp(r):

2 2 2
v%=%§+%ﬁﬂ;=h+@+@ (19)

em que dois dos autovalores do Laplaciano (A; e A;) tém valores negativos e A3
(na direcdo da ligagdo) tem valor positivo. Assim, define-se a elipicidade € com
relacdo ao Laplaciano por: € = (\y/ A,) — 1. Esse pardmetro descreve 0 carater da
ligacdo quimica como covalente (A; = A,) ou como insaturada (altos valores de
).

Os campos Laplacianos, por sua vez, trazem informagdes fundamentais
para a compreenséo do sistema quimico. O Laplaciano Vp(r) tem a propriedade
de descrever a concentracdo de densidade eletrdnica em uma determinada regiéo
da ligagdo. Por exemplo, se Vp(r) < 0, tem-se que a densidade eletronica se
acumula nos BCPs das ligacdes quimicas, enquanto, se V2p(r) > 0, os nucleos
atdbmicos suportam toda a concentracdo de carga. As relagdes topoldgicas de
energia, e o Laplaciano da densidade eletrdnica em algum CP, sdo expressos em

unidades atémicas (ua) por:

SV =26+V(UH=G+V) (20)
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em que G representa a energia cinética (com valores positivos), V a energia
potencial (com valores negativos) e H a densidade de energia total. Para ligac6es
de hidrogénio (LHs), em particular, Rozas e colaboradores (ROZAS,
ALKORTA, ELGUERO, 2000), classificaram-nas com base nos valores de
V?p(r) e H(r). Para LHs fracas e médias, V2p(r) e H(r) sdo positivos; para LHs
fortes, V°p(r) é positivo e H(r) é negativo; no caso de LHs muito fortes, tanto
V?p(r) quanto H(r) sdo negativos. De um modo geral, a QTAIM possibilita a
classificacdo da natureza de qualquer interacdo/ligacdo quimica baseada nos
parametros acima mencionados (Figura 10).

V<<0 A
Ligagao G << |V|
covalente H << (0
Interagoes vzp <0

compartilhadas
palta
§(A, B)alta

V <<0
Ligagdo G << |V|
covalente-polar H <<

V2p (pode ter ambos
sinais)

Ligagdo G = |V|
dativa

Ligagdo
Interagdes de metalica

camada fechada
p baixo

6(A, B)baixo { V<0

Vzp >0 Ligagao

ibnica

Ligagdo de
hidrogénio e de

van der Waals H > (Q (mas pode também

ser negativo)

Crescimento

G |V| |H]

Figura 10. Classificacdo de interacGes/ligacdes quimicas por QTAIM (adaptado
de Grabowski, 2011).
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A QTAIM também pode contribuir com informagdes quimicas a partir
da integracdo de uma propriedade derivada de uma determinada bacia atbmica
(POPELIER, 1998). Com isso, é possivel obter propriedades atdmicas
individualmente, tais como: carga atomica q(Q2), volume atdémico V(Q),
momento de dipolo atdmico My(Q2) e energia atomica E(Q). Desse modo, o
somatdrio dessas propriedades, provenientes de cada atomo em particular,

resultard na propriedade total da molécula.

2.5 Mecanica Estatistica

A mecénica estatistica teve inicio com os trabalhos de James C.
Maxwell e Ludwig Boltzmann (HALLIDAY, 1996) relacionados ao estudo de
gases (teoria atdmico-molecular) e niveis de energia, resultando em inimeras
informacdes sobre grandezas macroscopicas baseadas em andlises de grandezas
microscopicas médias. As propriedades macroscOpicas dos cOrpos Sdo
entendidas como consequéncia de leis estatisticas que emergem devido a
existéncia de um grande nimero de unidades constitutivas que compdem o
corpo macroscopico. Essas propriedades sdo fungbes do conjunto dos estados
em que podem ser encontradas as unidades constitutivas. Por exemplo, para
calcular a pressdo exercida por um gas sobre as paredes do recipiente que o
cerca, é necessario conhecer as velocidades e as posi¢des de cada uma das
moléculas. Da mesma forma, a energia é calculada a partir das velocidades e
das posi¢des das moléculas. Nesses exemplos, a velocidade e a posi¢do de uma
molécula que definem o seu estado. O conjunto das velocidades e das posi¢des
de todas as moléculas constitui o estado do gés ou, genericamente, o estado do
sistema, as vezes denominado estado microscopico para distinguir do estado
termodindmico (estado macroscopico). O conjunto de todos 0s possiveis estados

de um sistema constitui o0 espaco dos estados, denominado em mecénica classica
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de espaco de fase. Qualquer propriedade de um corpo deve ser entendida como
uma funcéo de estado e, portanto, passivel de célculo a partir do estado, como é
0 caso da energia ou da pressdo. As propriedades possuem carater probabilistico,

tendo em vista que a ocorréncia dos estados é probabilistica.
2.5.1 Energia e Func¢ao de Particéo

A relacdo existente entre energia e probalidade, dada pela distribui¢do
de Boltzmann, oferece um dos conceitos mais importantes da Mecanica
Estatistica: a funcdo de particdo (Q). Essa quantidade pode ser definida com

base na energia interna do sistema (U;), de modo que:

Q = Ylodosnivels exn(—BU;) e B = 1/KpT (21)

Basicamente, a energia interna de um sistema esta associada a trés tipos
de componentes que correspondem a energia cinética de atomos e moléculas:
translacional (T), rotacional (R) e vibracional (V). Esses trés tipos de
movimentos sdo diretamente proporcionais a variagdo de temperatura. Assim, a
energia total de sistemas moleculares pode ser dividida em termos desses trés
componentes somados a energia eletrénico-nuclear (Eg). Logo, podemos definir
a funcdo de particdo molecular (que descreve as propriedades estatisticas de um
sistema em equilibrio termodindmico) como um produto das fungdes de partigdo
translacional, rotacional, vibracional e eletronica (MCQUARRIE; SIMON,
1999). Uma vez que a energia total y, de cada componente num dado estado v é

descrita como:

Ly = 1y + pf+ oy + ps (22)



38

Ao aplicarmos a distribucdo de Boltzmann, obtem-se a funcdo de particdo
molecular q(V,T):

qV,T) =Y exp[—B(py, = uj + puf + uy + uy)] (23)

Com isso, a fungdo de particdo molecular é reescrita como:

qV,T) =q"q%q"¢® (24)

em que cada termo da funcdo total, quando aplicavel a gases ideais, fica:

q" = 2mmKgT/h?)3/2v (25)
qR = 8n I KzT/oh? ouT /00, (26)
q" = exp(—hw/2KzT)/1 — exp(—hw/2KzT) (27)
q® = X giexp (—ui' /KpT) (28)

Nas equacbes acima, m € a massa do ente em gramas dividida pelo
namero de Avogadro (m;/ Na); Kg é a constante de Boltzmann; h a constante de
Planck; T a temperatura; V o volume ocupado pelo gas; | 0 momento de inércia
(ur®); 1 € massa reduzida; o é o niimero de simetria (em geral, 1 para moléculas
diatdbmicas heteronucleares e 2 para moléculas diatbmicas homonucleares); w a
frequéncia harmonica; e g; é o grau de degenerescéncia.

Na funcdo de particdo para moléculas diatbmicas, além da contribuicdo
translacional (modelo da particula na caixa) e eletrénica (em que, na maioria dos
casos, vale 1, devido ao espacamento entre 0s niveis eletrénicos ser muito

grande), é incluida a aproximacédo do rotor-rigido (calculo de funcédo de particdo
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rotacional) e do oscilador-harménico (célculo da funcéo de particdo vibracional)
para obter adequadamente q(V,T). A expressdo para g requer que O, << T, em
gue somente o estado eletrénico fundamental é preenchido. Os conceitos e as
equacOes que regem a funcgdo de particdo q(V,T) sdo Uteis, por exemplo, para o
calculo da constante de equilibrio de uma reacdo quimica ou de isbmeros

conformacionais. No caso da reacao genérica:

Xag) + Yo = 2XY g

a constante de equilibrio, em termos das pressdes parciais, é dada por:

Kp = [(aXY/N4)?/(qX2/Na)(qX2/Na)] (29)

e a funcdo de particdo para cada molécula é dada pela equacéo 24.
Com a determinacdo da constante de equilibrio Ky, € possivel determinar
teoricamente, empregando o modelo para gases ideais, outra quantidade

importante para 0 monitoramento de rea¢6es quimicas, a energia livre (AG):
AG = AU — RTIn[(qXY/Na)?/(qX2/Na)(qX2/Na)] (30)

E importante lembrar que a energia interna U de uma reacio é dada pela

energia de dissocia¢do de uma molécula D, somada a sua energia no ponto zero:
AU = Do + 1/, Nyhew (31)

Em programas de célculos tedricos, valores de energia no ponto zero sdo
obtidos empregando calculos de frequéncia, além de gerar diretamente
quantidades termodinamicas (energia interna, entalpia, entropia, energia livre e

capacidade calorifica), obtidas a partir da funcdo de particdo. As energias no
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ponto zero sdo calculadas mediante apenas valores de frequéncia n&o-
imaginarios.

Uma das mais importantes aplicacBes da termodinamica para reacoes
quimicas é o conceito de equilibrio que, por sua vez, estd diretamente
relacionado a energia de Gibbs padrdo (AG“). A nocdo fundamental que envolve
a variacdo da energia livre AG, é que esta vale zero para sistemas em equilibrio
com pressao e temperatura constantes, e que o sinal de AG (reacional) determina
se um dado processo ou reagdo quimica ocorrera, espontaneamente ou nao, a
pressdo e temperatura constantes (MCQUARRIE; SIMON, 1999). Desse modo,
0 progresso de uma reagdo quimica pode ser monitorado experimentalmente
pelo grau de avancgo & [reagentes(—) e produtos(+)]. Exemplos para as espécies A
e Y, utilizando a equacdo quimica abaixo, ficam:

vad(g) + VBB(g) = Vr¥(g) + VzZ(g)
dn, = —v,d¢ (reagentes) e dny = vyd& (produtos) (32)

A energia livre para essa reagdo sera uma funcao de T, P, na, Ng, Ny € Nz,

logo G = G(T, P, na, Ng, Ny, Nz), €:
dG - _SdT + VdP + ‘U.AnA + ,UBnB + ,uyny + ,LlZTlZ (33)

onde o potencial quimico para a espécie A (que se estende para as demais) é

definido como:

Ha = (aG/(')nA) (34)

T,Pngnynz

desse modo,
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e, substituindo a equacéo (32) na (34), teremos a T e P constantes:

dG = (vypy + Vzliz —Vapa — Vpip)ds (36)

Com isso, a mudanga de energia livre, devido a variagdo no nimero de
mols durante um processo reacional, é definida em termos do grau de avancgo &,

como:

(%ag,),, = &6 @)

Por outro lado, assumindo que todas as pressfes parciais sdo baixas, 0
A/G pode ser expresso pela equacao abaixo e, portanto, as espécies assumem um

comportamento ideal:

A.G = AG°+ RTInQ, (38)
onde
AG® = vypty (T) + vz (T) — vapn(T)- vpug(T) (39)

sendo v; os coeficiente dos componentes da reagdo. O quociente reacional Q, é

expresso, em termos de pressdo padrdo P° (1 bar), como:

Qp = (Py/P°)"Y (Pz/P°)"% [(P4/P°)"4 (Pg/P°)"E (40)
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No equilibrio, a derivada parcial da energia livre em relacdo ao avango
reacional é igual a zero. Com isso, tem-se que Q, = K, sendo K, a constante de

equilibrio da reacdo em termos das pressGes parciais de cada espécie.
K, = (B,YP;%)/ (P, Py®) (41)
Por outro lado, a equacédo (38), que fornece a energia livre em termos da

variagdo molar, pode ser comparada com a equacdo (30), em que essa mesma

energia é obtida a partir da funcéo de particdo, de tal forma que:

Erp = Ey+ E;pp (Eoé aenergia eletronica DFT, por exemplo) (42)
U= Er+ Ex+E, + Eg (43)
H=U+ KgT (44)
G=H-TS (45)
onde,

S=Sr+ Sp+Sy+ S (46)

2.6 Constante de acoplamento escalar spin-spin

A constante de acoplamento escalar spin-spin (J) tem sido objeto de
interesse em diferentes areas cientificas, por dar informacdes acerca da
geometria e interacOes de inimeras estruturas moleculares. Métodos de célculos

tedricos, tais como p6s-HF e DFT, tém sido utilizados com bastante recorréncia
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para indentificar valores totais de J, bem como seu mecanismo de transmiss&o.
Entretanto, predicGes de acoplamentos envolvendo ndcleos contendo pares de
elétrons livres € uma tarefa complicada para qualquer método computacional
(BARONE et al., 2002). Apesar disso, calculos DFT para J tém se mostrado
bastante promissores, especialmente quando suas quatro contribui¢des (contato
de Fermi-FC, spin-dipolar-SD, spin-Orbita paramagnético-PSO e spin-Orbita
diamagnético-DSQO) sdo calculadas segundo a abordagem CP (Coupled-
perturbed) de Kohn-Sham ou, equivalentemente, de acordo com o esquema FTP
(Finite Pertubation Theory).

A interacdo entre 0 momento magnético nuclear e os elétrons pode ser
descrita, segundo a equacgdo ndo relativistica de Ramsey, como uma soma

envolvendo os quatro operadores perturbativos:

H = Ynem D2ynyuIihisd In + Ynhynli(RES + hP + hi5° (45)

Os termos contato de Fermi (FC) e spin-dipolar (SD) representam a
interacdo entre momentos magnéticos associados com spins de ndcleos e
elétrons, respectivamente. Os termos spin-6rbita paramagnético (PSO) e
diamagnético (DSO) tém origem na interacdo entre momentos magnéticos

nucleares e correntes elétricas. A expressdo para cada termo perturbativo é dada

por:
4 t

pso _ @ (reNTRM) = TENT M

hNM - Z 3 .3 (46)
2 TienTieM

PSO _ 2 Ikn

hy” = a Zk% (47)

hP = a? Yy Sk (ViFy) (48)
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T 2
hyt = sTa 2k Sk(Tien) (49)

O termo I € 0 momento angular do elétron k relativo ao nucleo N; Sy é
associado ao operador spin; ViFy é o operador gradiente de campo elétrico do
elétron k no sitio do nucleo; e 6 é a funcdo delta de Dirac (BARONE et al.,
2002). A constante de acoplamento total teérica serd dada pelo somatério dessas
quatro contribuigdes, destacando que o termo contato de Fermi (relacionado
principalmente a elétrons em orbitais tipo s) é, em geral, o principal descritor da

J total. Assim:
Jteorico = JEC + J3P + JFSO 4 bSO (50)

Por outro lado, constantes de acoplamento em ressonancia magnética
nuclear (RMN) séo sensiveis a geometria da molécula. Portanto, as constantes
de acoplamento obtidas experimentalmente, combinadas com 0s respectivos
valores calculados, podem fornecer informacdo sobre a conformacéo
preferencial e possiveis interacdes intramoleculares operantes em uma estrutura,

segundo a equacéo abaixo.

Jobs = X1 J; (51)

em que Jos corresponde a constante de acoplamento média, determinada
experimentalmente; n; corresponde as fragdes molares dos conférmeros i; e J;
sdo as constantes de acoplamento individuais dos conférmeros i, determinadas
computacionalmente.

Sabe-se que a magnitude da constante de acoplamento de uma ligagédo

quimica pode ser afetada pela presenca de elementos eletronegativos em sua
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proximidade, decorrentes de efeitos estéricos, hiperconjugativos, entre outros.
Além disso, como foi demonstrado por Karplus, atomos de estruturas que
sofrem isomerismo rotacional podem se comportar em ambientes gquimicos
diferentes, devido a variagdo de um angulo diedro, o que afetard seus

deslocamentos quimicos e constantes de acoplamento (KARPLUS, 1963).

2.7 Efeitos de interacOes intramoleculares na constante de acoplamento

InteragcBes intramoleculares decorrem de um ou mais efeitos
simultaneos, como aqueles mencionados na introducdo geral, podendo
desempenhar um importante papel na estabilizag&o estrutural e, por conseguinte,
afetar propriedades macroscdpicas e caracteristicas de uma interagdo/ligacdo
quimica.

O efeito anomérico, por exemplo, foi originalmente observado no
equilibrio entre a- e B-glicosideos, sendo que a diferenca de energia entre as
formas axial e equatorial ¢, comumente, expressa em termos de energia livre
(JUNGINS, 1905; EDWARD, 1955). Trata-se de um fendmeno em que
substituintes eletronegativos (X), no fragmento R—A—C—X, possuem grande
preferéncia pela posicdo axial em relacdo a um heterodtomo adjacente (A),
contendo pares de elétrons livres (Figura 11A). Isso ocorre porque o efeito
eletrnico estabiliza o grupo mais eletronegativo (bons aceptores de elétrons) na
posicdo axial, superando o efeito estérico desestabilizante nessa mesma posicéo.
Desse modo, de acordo com a abordagem hiperconjugativa, o efeito anomérico é
descrito como a interagdo entre um par de elétrons livres do heterodtomo e o
orbital antiligante da ligacdo C-X (na—>c*cx). Evidéncias geométricas do efeito
anomérico estdo relacionadas ao encurtamento da ligagdo A-C e alongamento da
ligacdo C-X, 0 que pode ser expresso pela estrutura de ressonancia da Figura
11B (DESLONGCHAMPS et al., 2011). Vale ressaltar que também pode
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ocorrer o efeito anomérico em compostos carbonilicos, em que, além das
evidéncias geométricas citadas, espera-se um aumento da frequéncia do
estiramento carbonilico com o aumento da eletronegatividade de X (efeito

indutivo).

Q 0
%/OQ \(“A""uu, “\“\wgw”,’” e A%
% - —-L

X
6 0 X
A B

Figura 11. Exemplos da abordagem hiperconjugativa para o efeito anomérico
(A) e estruturas de ressonancia originadas dessa interacéo (B).

Existem estudos que relatam a dependéncia da constante de acoplamento
“Jen (em que H equivale ao substituinte X da Figura 11) com o comprimento da
ligacdo C-H no tetraidropirano e, consequentemente, com a hiperconjugacdo
no—c*c.1 (PERLIN; CASU, 1969). No cicloexano, a constante de acoplamento
Jc.hax & Menor do que a 1JC_Heq, uma vez que as ligacdes C-H axiais sdo maiores
e mais fracas do que as equatoriais, devido as interages hiperconjugativas oc.
n—>o0*cy das ligacbes C-H antiperiplanares (Figura 12), e de acordo com o
contato de Fermi (FC) para atomos diretamente ligados (PERLIN; CASU,
1969). Esse fendmeno é conhecido como efeito Perlin (PERLIN; CASU, 1969;
ANDERSON et al. 1992). No entanto, recentemente, o efeito Perlin no
tetraidropirano foi atribuido a interac@es dipolares entre a ligagdo C-H e o par de
elétrons ndo-ligantes do oxigénio e a ligacdo polar C-O, e ndo a transferéncia
eletrénica no—>oc*c.y (CUEVAS et al., 2005). Interpretacdo similar foi dada ao
comportamento da constante de acoplamento 1Jcc em éteres (PERRIN, 2005).

Em cicloexanos 1,3-heterossubstituidos, o efeito Perlin reverso (lJC_HaX > 1.]C_Heq)
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torna-se operante (CUEVAS et al., 1997; JUARISTI et al., 1994; ANDERSON
et al., 1993; CAI et al.,, 1994; ANET et al., 1987; JUARISTI et al., 1992;
KLEINPETER et al., 2005); em ditianos, por exemplo, o efeito Perlin reverso
foi atribuido a interagdo cc.s—>6*c.1eq, julgada ser dominante sobre a interagéo
Ns—>6*c.hx  (WOLFE, 1990; WOLFW, 1991). Nesse sentido, dados
experimentais obtidos em diclorometano-d, a -90° C indicam valores de “Jc.yax =
1542 Hz e lJc.Heq = 146,2 Hz, correspondentes aos hidrogénios adjacentes aos
atomos de enxofre endociclico (JUARISTI et al., 2012). O efeito Perlin
correspondente em 'Jcr, ainda que ndo com essa denominacio, foi observado
para o fluor-cicloexano (ABRAHAM et al., 1995), entretanto, apesar da grande
atencdo que tem sido dada ao 2-fldor-tetraidropirano, um estudo detalhado sobre
o referido efeito em derivados de monossacarideos ainda ndo foi reportado, por
experimentar o conhecido efeito anomérico (MO, 2010).

n
OCH O o
O

G*cH G*CH
H

Figura 12. Intera¢des hiperconjugativas antiperiplanares 6c.y—6*c.H € No—6™*¢.
H presentes no cicloexano e tetraidropirano, respectivamente.
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Abstract

Halogenated methanol derivatives (halogen = F, Cl and Br) were theoretically
studied and the gauche conformer relative to the X—C—O—H torsional angle
was the single energy minimum found at the MP2/6-311G++(d,p) and
B3LYP/6-311G++(d,p) levels in the gas phase, implicit and explicit aqueous
solution. The generalized anomeric effect is operative, since the structure
(gauche) with an electron lone pair in the anti orientation relative to the halogen
is the stable conformation. Natural bond orbital calculations show that this
conformational preference, in comparison with the stationary anti structure that
exhibits imaginary frequency, is due to hyperconjugation rather than

electrostatic effects, while internal hydrogen bond OH...X does not operate.
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However, the 'Jce coupling constant for the fluorinated derivative is
exponentially dependent on the molecular dipole moment and linearly
correlated with the C—F distance, but a correlation with the ng—>c™*ce
hyperconjugation was not observed. Thus, the generalized anomeric effect in
some model systems agrees with the hyperconjugation model, while the Perlin-
like effect does not appear to have hyperconjugative dependence, but a polar
instead.

Keywords: Conformational analysis, theoretical calculations, anomeric effect,

halogenated methanols.

1. Introduction

Studies performed with alkyl pyranosides by Jungins [1] show that alkyl-a-
pyranosides are more stable than their f-anomers. This phenomenon is known as
the anomeric effect and interpreted by Edward in 1955, [2] so that some
substituents in the equatorial position at the anomeric carbon suffer stronger
dipolar repulsion than axial ones. In 1969, Limieux et. al. [3] found
experimentally that the conformational preference of 2-methoxytetrahydropyran
varies according to the solvent polarity; polar solvents would weaken the dipolar
repulsion between the endocyclic oxygen and the equatorial methoxy group. The
dipolar origin of the anomeric effect has also been supported theoretically [4,5].

According to the valence-bond study by Mo [4], the conformational preferences



55

in various compounds experiencing the anomeric effect have been interpreted in
terms of steric, hyperconjugation and dispersion effects; intramolecular
electrostatic interactions between local dipoles were found to be responsible for
the anomeric effect in these cases, in the gas phase. However, recent studies
have shown that exchange effects dominate the anomeric effect, revealing that
such an effect does not have electrostatic origin [6], despite different findings
from QTAIM analysis for methanediol, in which differences in exchange terms
between conformers are reported and they do not seem to play a leading role [7].
In fact, an experimentally supported interpretation based on the
hyperconjugation model has been used to explain the anomeric effect in methyl
D-galactose and D-glucose in a solvent-free environment [8,9].
Hyperconjugation has also been invoked to control the anomeric effect in a
variety of 2-substituted tetrahydropyrans (2-X-THPs) even in aqueous solution
[10]. In 2-X-THPs, the hyperconjugative nature of the anomeric effect is
commonly described as an electron donation from the endocyclic oxygen to the
low-lying o*c.x orbital in the axial configuration [11]. This interaction is
supposed to increase the C—X bond length and to shorten the C—O distance,
which is not completely explained by the dipolar interpretation. The generalized
anomeric effect applies this concept to acyclic systems, such as fluorinated

pnictogen compounds (Figure 1) [12].
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Fig. 1 The hyperconjugation model for the anomeric effect in 2-substituted
tetrahydropyrans and the generalized anomeric effect in acyclic derivatives

containing an electron donor (na orbital) and an electron acceptor (c*c.x orbital).

The anomeric effect for the simplest halogenated alcohols (1-3, Figure 2) are
studied in this work, since the o*cx orbitals (X = F, Cl and Br) are good
electron acceptors either due to the polarity of the C—X bond or to the poor
overlap integer between the C and X (CI and Br) atomic orbitals, because of
their different atomic sizes. In addition, the fluorine derivative has important
spectroscopic properties, which can give insights about stereoelectronic effects
governing conformational stabilities. For example, the Perlin effect can give
important information about the structures of sugars [13]. According to the
Perlin effect, [14-17] the 1Jc_2,H_axia| coupling constant in a pyranoside derivative
is smaller than the corresponding lJc_z,H_equam,iah because the C,—Hyia bond is
longer than the Cr—Hequatoria PONd due to the No—6*co.vax hyperconjugative
interaction. The opposed trend in the coupling constants is called reverse Perlin

effect, which has been observed in 1,3-dithianes as a consequence of dominant
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Oc.s—>0*creq OF Oc.eqg—>0*c.s Stereoelectronic interactions [18,19]. However,
more recent interpretations for the Perlin effect invoke dipolar interactions [20].
Since the C—F bond is highly polar and '°F is magnetically active, the
fluoromethanol derivative can be valuable to probe for the origin of the Perlin-

like effect using the “Jc r coupling constant.

X X
@ H »
H H H H
H
gauche anti

Fig. 2 Conformational isomerism in halomethanols [X = F (1), Cl (2) and Br

(O

2. Computational details

The two possible minima gauche and anti for 1-3 were optimized at the MP2
[21] and DFT/B3LYP [22] methods using the 6-311G++(d,p) [23] basis set,
including frequency calculations to obtain thermodynamic energies and the
thermal corrections and also to search for true minima, which should not exhibit
imaginary frequencies, using the Gaussian 09 program [24]. The stationary anti
structure for all compounds exhibited imaginary frequency and, therefore, it is
not a stable conformer. The calculations were performed in gas phase, as well as
in explicit solvent (using six water molecules in an octahedral arrangement as

input) and implicit solvation (water) using the polarizable continuum model by
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Tomasi and coworkers [25] (using a cavity built up using the UFF, i.e. radii with
spheres around each solute atom) at the B3LYP/6-311G++(d,p) level. Natural
bond orbital (NBO) analysis [26] were carried out over the optimized
geometries, and the NOSTAR and STERIC keywords were used to determine
the hyperconjugative and steric exchange energy, respectively. Analysis of
possible intramolecular hydrogen bond was performed using the quantum theory
of atoms in molecules (QTAIM) [27] and the noncovalent interactions (NCI)
method [28]. The NMR calculations (in the gas phase and implicit water) were
performed at the B3LYP/EPR-III level [29] for 1 to analyze the angular

dependence of the *Jc ¢ coupling constant.

3. Results and discussion

Halomethanols 1-3 undergo rotation along with the X—C—O—H dihedral
angle, but only one stable conformer, gauche, is present in the gas phase and
using an implicit solvent (water) model (Figure 2); the stationary anti structure
was not found to be stable, because of the presence of imaginary frequency, in
agreement with earlier findings [30]. The energy difference between the gauche
conformer and the stationary anti form obtained using both B3LYP and MP2
methods are similar, which is consistent with various methods applied in the

literature (Table 1) [31]. In order to guarantee that such a preference is not due
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to intramolecular hydrogen bond, QTAIM and NCI calculations were performed
over the optimized structures, and no bond path between X and H(O) was
detected in 1-3 and, likewise, the NCI surface did not indicate the formation of
OH...X hydrogen bond. Thus, the generalized anomeric effect operates in 1-3
and it is not dictated by intramolecular hydrogen bond. Indeed, intramolecular

hydrogen bond forming small rings has not been found to be stable [32].

Table 1. Bond lengths (A) and standard thermodymamic parameters (kcal mol
11298 K) for 1-3 in the gas phase, implicit and explicit solvent (water), obtained

at the B3LYP/6-311G++(d,p) and MP2/6-311G++(d,p) (in parenthesis) levels.

Compound de-o (8/0) de-x (a/g) AG (a-g) AH (a-9) AS (a-g)
1 (gas) 1.398/1.378 1.373/1.402 4.6 (4.5) 43 -0.3

1 Gimptict) 1.398/1.376 1.389/1.419 3.6 (3.4) 3.3 -0.3

1 (explicit) —/1.335 —/1.494 - - -

2 (gas) 1.402/1.378 1.796 / 1.845 4.6 (3.7) 4.3 -0.3

2 (impiict) 1.402/1.371 1.811/1.871 3.8(2.7) 34 0.4

2 (explicit) —/1.324 -/1.992 - - -

3 (gas) 1.401/1.373 1.962/2.021 5.0 (4.0) 4.6 -0.4

3 (impiicit) 1.401/1.366 1.976 / 2.054 4.3 (3.0) 3.9 0.4

3 (explicit) -/1.315 —/2.196 - - -

Because the gauche conformer is the single form using both implicit and
explicit aqueous solution, the generalized anomeric effect is not expected to be
due to the dipolar model, in which the electrostatic repulsion between halogen

and oxygen lone pairs would be expected to be attenuated and, therefore, the
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anti conformer should appear. Thus, hyperconjugation can be invoked to explain
the gauche preference, despite an analysis of the total atomic population and
localization, as well as delocalization indices in showing trends that are not in
line with the hyperconjugative explanation [30]. Indeed, the larger C—X and
shorter C—O distances in the gauche conformer relative to the anti form support
the hypothesis of hyperconjugative anomeric effect.

The hyperconjugative nature of the anomeric effect was investigated using
natural bond orbital (NBO) analysis. This analysis is carried out by examining
all possible interactions between "filled" (donor) Lewis-type NBOs and "empty"
(acceptor) non-Lewis NBOs, and estimating their energetic importance by
second-order perturbation theory. In addition, the contributions from Lewis-type
(steric and electrostatic interactions) and non-Lewis-type (such as
hyperconjugation) interactions to the overall energy of a molecular system can
be estimated, in such a way that the full energy can be decomposed according to
Erut = Elewis t Enontewiss Where Ejewis = Esteric + Eelectrostaticc: 1HESE  energy
components are depicted in Table 2 and show that hyperconjugation really plays
the major role for the anomeric effect if compared to Lewis-type interactions,
both in the gas phase and implicit aqueous solution. The hyperconjugative
contribution for 1 appears to be slightly weaker than the electrostatic effect in
implicit water, but the steric component, which cannot be precisely separated

from the electrostatic one in the Lewis-type term, reduces the electrostatic
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contribution. According to the well-known interpretation for the anomeric effect,
the no—c*cx interaction plays a key role for the overall hyperconjugative
stabilization of the gauche conformer, which is calculated to be strongly
enhanced in explicit solvation (Table 2).

Overall, the generalized anomeric effect in 1-3 was found to be due to
hyperconjugation rather than dipolar effects, even in solution. In addition, the
contribution from the no—oc*c.x interaction is stronger for the chlorine and
bromine derivatives, because of their better acceptor antibonding orbital (c*¢c.c
and 6*¢ g, against o*c.), but this is compensated by the larger steric effect of the

bulkier halogens in the gauche conformation.
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Table 2. Steric, electrostatic, hyperconjugative contributions (antistationary-

gauche, kcal mol™) for the conformational equilibrium of 1-3 obtained through

NBO analysis.

Compound AEtotar  AEsweric  AEeiect AEhyperc Nx—>G%*co  No—>G™cx
1(gas) 45 23 49 71 102 188
1 (implict) 3.5 -4.1 9.7 9.1 9.5 21.0
1 (explicit) - - - - 3.4 32.0
2(gas) 45 22 30 97 67 19.2
2 (implict) 3.6 3.8 4.7 -12.1 5.9 22.2
2 (explicit) - - - - 1.4 39.6
3(gas) 48 63 08 -119 52 213
3 (implicit) 4.1 6.6 4.1 -14.8 4.4 25.2
3 (explicit) - - - - 0.8 474

The anomeric effect has been usually associated with the Perlin effect,
because of the no—>6*c,.1ax iNteraction in pyranoside derivatives, which would
increase the C2—H,, bond length and, consequently, decrease the 'Jcp.ax
coupling constant relative to the 'Jcpe. However, Cuevas et al. [20] have
shown for tetrahydropyran that dipolar interaction between the C—H and the
dipole moment of the lone pairs of electrons and C—O bonds would be
responsible for the Perlin effect, despite it was not possible to specify how the
electron-density changes in the C—H bond affect the *Jc value. Since the
C—F bond is more polar than the C—H bond, one can expect that similar effect
would be stronger in the “Jc.r coupling constant. The corresponding effect over

Jor has been theoretically studied for  fluoro(methoxy)methane
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(F—CHx>—0—CH,), but an angular dependence with the ho—>c*¢.r interaction
was not observed; there was a linear relationship between 'Jcr and the
molecular dipole moment (governed by the mutual orientation of the C—F bond
and the oxygen lone pairs) instead [33]. The angular dependence of *Jcr in 1
was surprisingly different from that found for fluoro(methoxy)methane, because
the Jcr coupling constant varied exponentially with the molecular dipole
moment, whereas the relationship with the no—>c*c interaction does not exist
(Figure 3). The exponential dependence of *Jcr with the molecular dipole
moment in 1 is inversely proportional to the exponential behavior observed for
1,2-difluoroethane, [34] which is expected, since the effect of nonbonding
electrons over 'J coupling constants are generally opposite to the effect of polar
bonds [35]. Consequently, the linear relationship between 'Jcr and the
molecular dipole moment in fluoro(methoxy)methane is possibly due to an
effect of the methyl group, which exhibits an steric effect over the fluorine atom
from the syn to the gauche conformation, thus resulting in a non-exponential
behavior of *Jc.¢ versus molecular dipole moment.

It is worth mentioning that the gauche conformer of 1 presents a smaller
calculated “Jc.¢ coupling constant (more negative, -274.3 Hz in the gas phase
and -257.5 Hz in implicit water solution) than the anti conformer (-262.0 Hz in
the gas phase and -243.6 Hz in implicit water solution). This is consistent with a

‘fluorine Perlin-like effect’, since the *Jc. coupling constant decreases linearly
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(becomes more negative) with increasing the C—F bond distance upon rotation
of the —C—O—H dihedral angle (Figure 4). Consequently, for the limit cases
(stable conformations), the hyperconjugative anomeric effect matches the
expected trend for bond distances, that is, the gauche conformer has the C—F
bond longer than in the anti conformer, but there is not any relationship between
the angular dependence of dc_¢ and the no—o™*c.¢ interaction. Dipolar repulsion
between the oxygen lone pairs of electrons and the polar C—F bond is expected
to shorten the C—F distance in the anti structure relative to the gauche
conformation. Thus, the angular dependence of dc_¢ is also exponentially
dictated by dipolar interactions (related to the molecular dipole moment), but not
the anomeric effect. In other words, the effects ruling the conformational
stabilization of 1 (the anomeric effect) are not same as those governing the

angular dependence of 'Jc .
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Fig. 3 Angular dependencies of lJc,F, molecular dipole moment and no—c*cr

interaction for 1, and the exponential relationship between 1JC,F, and molecular

dipole moment.
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4. Conclusions

There is a strong generalized anomeric effect in halomethanols, both in the gas
phase and in aqueous solution, which is mainly described by hyperconjugation,
particularly by the no—>oc*¢ x interaction. This contribution is larger for chlorine
and bromine derivatives, because of their better electron acceptor orbital (6*c.x),
despite the conformational energies of all three compounds studied are similar
(because the steric effect imposed by the fluorine is weaker). For the
fluoromethanol, the 1JC,F coupling constant, which can be useful to determine the
stereochemistry of compounds containing the O—C—F fragment, is

exponentially dependent on the molecular dipole moment and, consequently, on
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the interaction between fluorine and the electron lone pairs of oxygen. This
behavior is different from the linear dependence found for
fluoro(methoxy)methane, which has an incremental steric effect owing to the
methyl group, which can affect the 'Jcg coupling constant when the
F—C—O—CH; dihedral angle is ca. 0 to 90°. NMR experiments and
calculations for fluorinated sugar derivatives are currently in progress for deeper

understanding of the anomeric and fluorine Perlin-like effects.
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ABSTRACT: A similar effect to the well-known reverse Perlin effect was
observed on the *Jc.¢ coupling constants of a- and B-D-glucopyranosyl fluoride
tetracetate, both in nonpolar and polar solution. This can be called ‘reverse
fluorine Perlin-like effect’ and it is shown to be related to dipolar interactions
rather than to hyperconjugation. The reverse fluorine Perlin-like effect does not
have a general relationship with the anomeric effect and it can be useful to

determine the structure and stereochemistry of organofluorine compounds.
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Spin-spin coupling constants (SSCCs) have been useful to determine the
structure and stereochemistry of molecules, particularly the 3JH,H SSCC, which is
dependent on the dihedral angle H-C-C-H, according to the well-known Karplus
curve.' 1Jcy SSCCs have also shown structural dependence, giving rise to the
Perlin effect,”> which is observed in some cyclohexane and tetrahydropyran
derivatives.** The Perlin effect refers to the smaller Jc_. SSCC in comparison
to the corresponding *Jceq Value in 6-membered rings. Originally, this
phenomenon was attributed to the fact that C-H.x bonds are longer than C-Heq
ones, due to the preferred electron delocalization involving antiperiplanar
orbitals bearing Ha rather than He,, namely the ocy—0™*chax interaction in
cyclohexane derivatives and the no—c*chax interaction in tetrahydropyran
derivatives, like pyranoside sugars. The reverse Perlin effect corresponds to
larger "Jc.pax SSCC than Jceq in some dithianes, due to better Ges—G*creq

5
electron transfer than Ns—6™cpax.

Because of the interpretation based on hyperconjugation, the Perlin effect has
been frequently related to the anomeric effect, which is a concept in
carbohydrate chemistry and can be defined as the preference of electronegative
substituents (X) attached to the anomeric carbon to occupy an axial orientation
(o-anomer) instead of the less hindered equatorial orientation (f-anomer) that

would be expected from steric considerations of a chair conformation.® The
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relationship between both effects comes from the fact that the elongated C,-Hax
bond relative to the C,-Heq bond in tetrahydropyran (THP) would be the
consequence of the hyperconjugative origin of the anomeric effect (the
No—>6*chax INteraction in THP or ng—c™cx in 2-X-THP)7 and the cause of the
Perlin effect (1JC_HaX<lJC_Heq, since longer C-H bonds difficult the coupling
transmission). It is worth mentioning that structural effects on C-H bonds not
associated with hyperconjugation were reported in six-membered heterocycles.?
In addition, electrostatic effects are also operative and have been invoked to
explain both effects.’ Recently, Cuevas et al.® found that the angular
dependence of *Jc.4 is not consistent with hyperconjugation for tetrahydropyran,
but it was likely to be related with electrostatic effects. In line with this, since
the C-F bond is more polar than the C-H one, electrostatic effects in
organofluorine compounds would be more evident on ‘Jc¢ than in *Jc. coupling
constants. Indeed, the angular dependence of *Jc. upon rotation of the C-O-C-F
dihedral angle in fluoro(methoxy)methane was calculated to be exponentially
related with the molecular dipole moment (u), but no relationship with the
no—>c*cr hyperconjugative interaction was found," i.e. the absolute "Jc.r value
decreases exponentially with increasing W, giving support for the electrostatic
nature of the here called reverse fluorine Perlin-like effect. The same tendency is
observed in the anesthetic sevoflurane, whose absolute *Jc.+ SSCC is smaller in

the conformation containing the anti F-C-O-C dihedral angle (matching the
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equatorial orientation of the fluorine atom in 2-fluorotetrahydropyran) than in
the gauche arrangement (matching the axial 2-fluorotetrahydropyran).™* This
behavior can give important insights about the structure and stereochemistry of

organofluorine compounds.

2-Fluorotetrahydropyran analogs are the best models to experimentally probe
both effects, which are especially useful for the study of the stereochemistry of
sugar derivatives. 2-Fluorotetrahydropyran is computationally known to exhibit
the anomeric effect (the axial form is more stable than the equatorial one, by
more than 2 kcal mol™),**? but no experimental data for this compound and
corresponding derivatives have been found to test the theoretical findings. On
the other hand, the “Jc.rax and 1Jc_Feq SSCCs in other fluorinated 6-membered
rings have been measured and the absolute "Jc e Value has been shown to be

13,14

larger than the “Jc.rax (Figure 1).
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Figure 1. Some fluorinated 6-membered rings and the corresponding 'Jc¢
coupling constant, the studied D-glucopyranosyl fluoride tetracetate (1), a-D-

galactopyranosy! fluoride tetracetate (2a) and 2-fluorotetrahydropyran (3).

The NMR spectra of the o and B anomers of D-glucopyranosyl fluoride
tetracetate (1o and 1B, Figure 1) were analyzed to give insight about the origin
of the anomeric effect and also to investigate the manifestation of the (reverse)
fluorine Perlin-like effect. The acetate derivatives were employed rather than the
2-fluoro-2-deoxy-D-glucose to avoid any interference from possible internal

hydrogen bonds among hydroxyl groups. Preliminary coupling constant
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calculations at the ®B97X-D/6-311+G(d,p) level® indicated that the absolute
value for the “Jc.rax coupling constant is larger than 1Jc_peq, which is in agreement
with the experimental data (Table 1). Thus, 1 experiences the reverse fluorine
Perlin-like effect, while the other organofluorine compounds of Figure 1 exhibit
the fluorine Perlin-like effect. Moreover, 1o was calculated to be significantly
more stable than 1B both in the gas phase and implicit (using the polarizable
continuum model) solution (Table 1), at the ©B97X-D/6-31G(d,p) level,*
indicating that the anomeric effect is operative. This theoretical level includes
dispersion effects and has shown good agreement with CCSD results for
aromatic systems.’” The geometries of 1 and 1B used in the DFT optimization
were selected from previous conformational search using the Monte Carlo

approach at the semi-empirical AM1 method.*®
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Table 1. Calculated E, in kcal mol™ [@B97X-D/6-31G(d,p) level], J in Hz
[®B97X-D/6-311+G(d,p)] (the experimental J values are given in parenthesis),

molecular dipole moments (y, in Debye), and C-F bond lengths (in A), for 1o

and 1.
Cpd Gas CeH1o DMSO
Erel 1\]C-F 1 der Erel lJC-F 1 der Erel lJC-F 1 der
la 00 -2330 12 1384 0.0 -2321 13 1385 0.0 -231.2 1.7 1.386
(-229.6) (-226.3)
18 58 -230.2 27 1357 54 -2271 28 1359 45 -2224 26 1.363
(-220.7) (-213.7)

The resonance structure of low giving the dissociated fluoride, which is
consistent with the hyperconjugation model for the anomeric effect, should
shield the axial fluorine in the *F NMR spectrum; indeed, 8g. in 1o relative to
CFCl; is -150.88 ppm in CgD;, and -147.90 ppm in DMSO-ds, while the
respective Oreq Values for 1p are -136.17 and -142.53 ppm. Accordingly, the
CHELPG charges'® on the fluorine atom in 1o and 1p are -0.218 and -0.202,
while the calculated C-F bond distances are 1.384 A for 1a and 1.357 A for 1,
in the gas phase (despite angular dependence between dc.r and ng—c*c.r was
not found for 2-fluoromethanol®). The values for 1a. are consistent with those

obtained for o-D-galactopyranosyl fluoride tetracetate, 2o (-151.99 ppm in
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C¢D12 solution and -148.90 ppm in DMSO-ds solution). Such a behavior cannot
be clearly explained using the electrostatic model for the anomeric effect. The
stabilizing no—oc*c electron delocalization in lo, obtained by natural bond
orbital (NBO)* analysis, contributes for its overall hyperconjugative
stabilization (Table 2). According to the energy decomposition scheme E¢, = E.
+ EnL (EL = Esteric + Eetectrostatic aNd EnL = Enyperconjugation), Nyperconjugation is the
main effect governing the anomeric effect of 1 in the gas phase and nonpolar
solution. In polar solution (DMSO), the dipolar interaction between the
endocyclic oxygen and fluorine is attenuated and, consequently, overall
electrostatic repulsions are reduced in 1f relative to lo. In the gas phase,
hyperconjugation is the main factor controlling the anomeric effect in 1a, while
in DMSO both hyperconjugation in 1a and reduced dipolar repulsion in 18 and
the balance between these similar competitive forces rules the anomeric effect in

1, such as found in the literature for 2-fluorotetrahydropyran.*
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Table 2. NBO data for 1o and 1B (in kcal mol™), obtained at the ®B97X-D/6-

31G(d,p) level (A = 1a. - 1P).

Parameter gas CeH1o DMSO
AEq -5.8 -54 -4.5
AEsteric 4.7 4.9 -6.3
AEEiectrostatic -1.5 -1.7 16.1
AEwyperconjugation -8.0 -8.6 -14.3
No—>G*c.r 22.0 22.1 22.4

It is well-known that *Jyxy = ° + % + £, where X and Y are the
coupled nuclei (C and F for 1), the first term is always positive and corresponds
to the X-Y bond connecting the coupled nuclei, the second term is always
negative and corresponds to other bond contributions (ob refers to any bond
containing either the X or Y atom, but it is a bond other than the X-Y one), and
the third term is the X and/or Y lone pair contributions, which is always
negative." Because the fluorine atom bears lone pairs of electrons with strong s
character, the overall *Jc¢ is negative, while Jc.y is positive. The absolute “Jc.rax
SSCC in the less polar 1o is larger than 'Jereq in 1B (Table 1), and is
quantitavely in agreement with "J¢_g, for the similar compound 2a. (-228.8 Hz in
C¢D1, and -226.2 Hz in DMSO-ds). In addition, the trend in J is extended for the

parent compound 2-fluorotetrahydropyran (3), whose calculated *Jc.r SSCC are -



80

2276 Hz for 3o and -220.4 Hz for 3B. The opposite is found for
fluorocyclohexane," as well as in cis- and trans-4-tert-butyl-2-
fluorocyclohexanone®® (Figure 1); tentatively, the endocyclic oxygen bearing
lone pairs of electrons plays the determinant role for the difference between 1
and fluorocyclohexane and 4-tert-butyl-2-fluorocyclohexanone. The dipolar
effect between two polar bonds (two bonding orbitals) on the Jc.¢ SSCC is
opposite to the effect caused by the interaction between a polar bond (C-F) and
oxygen lone pairs (Figure 2), i.e. between bonding and nonbonding orbitals
(compare the angular dependence of 'Jcr in the small molecules 1,2-
difluoroethane? and fluoro(methoxy)methane™). For instance, in addition to the
case of the 2-fluorocyclohexanones of Figure 1, the polar 8-fluoro-3,4-
dihydronaphthalen-1(2H)-one (with interacting C=0 and C-F dipole moments)
exhibits a "Jc.r SSCC of -265.9 Hz, while the corresponding value for the less

polar 7-fluoro-3,4-dihydronaphthalen-1(2H)-one is -247.6 Hz.?®
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Figure 2. Example of local dipoles originated from bonding and nonbonding
orbitals. The electrostatic interaction between polar bonds causes |"Jc.ra] < [Ne.
reql, While the interaction between dipoles from polar bond and electron lone

pairs causes |"Je rad > [NJc-regl-

The Fermi contact (FC, responsible for the magnitude of 'J coupling
constants) in C-H bonds, as well as the bond distance, is strongly influenced by
hyb ridization in the bond forming carbon; the larger the s-character, the
larger the FC term and the shorter the C-H bond.?* This trend is also calculated
for the C-F bond in 2-fluorocyclohexanone, i.e. for the axial conformer: dc rax =
1.406 A, Fcrax = -255.7 Hz, sc = 17.7%, and Srax = 27.5%; while for the
equatorial conformer: dereq = 1.381 A, "¢ req = -259.9 Hz, sc = 19.0%, and
Sreq = 28.6%. Interestingly, the FC term for 1 does not follow this trend nor the

Ramsey expression for the FC term,” since the s-character (%) for the axial and
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equatorial C-F bonds in 1, in the gas phase (the s-character did not vary in PCM,
see Supporting Information), is 18.9c and 28.7g, versus 19.6c and 29.8gy,
respectively, contributing for " J¢ g of -253.8 Hz and "“Jc geq Of -243.0 Hz.
According to the hyperconjugative model, the C-F distance in 1o should be
longer and, therefore, "Jc.rax Should be smaller than 1JC_Feq_ In addition, there is
not any relationship between the angular dependence of “Jc¢ with the angular
dependence of the no—c*c. interaction for fluoro(methoxy)methane,™ which
contains the same C-O-C-F fragment as 1. However, a correlation between Jc
and the molecular dipole moment (governed by the mutual orientation of the C-F
bond and oxygen electron lone pairs) for this compound was found. In addition,
the calculated difference between Jc for the gauche and anti conformers of
fluoro(methoxy)methane using implicit acetonitrile as solvent was larger than in
the gas phase, which is parallel to the behavior found for the angular dependence
of the molecular dipole moment;** this behavior is well reproduced
experimentally for 1, since AlJC_F(ax_eq) in the polar DMSO-dg solvent was -12.6
Hz, while the corresponding value in the nonpolar C¢D;, solvent was -8.9 Hz.
Thus, the origin of the reverse fluorine Perlin-like effect in 1 does not appear to
be due to hyperconjugation, similarly to that found for the Perlin effect in

tetrahydropyran.
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Overall, spectroscopic and theoretical outcomes indicate that the main origin
of the anomeric effect can be either hyperconjugative or electrostatic, depending
on the molecular system, substituents and media; in 1, the nature of the anomeric
effect was found to be due especially to hyperconjugation in the gas phase and
nonpolar solution, but these effects are competitive in DMSO solution.
However, the general interpretation for the so-called reverse fluorine Perlin-like
effect is based predominantly on dipolar interactions. Thus, such effect does not
have any relationship with the anomeric effect. This can be extended to acyclic
organofluorine compounds in order to determine structural properties and the

stereochemistry of e.g. anesthetic-like molecules, like sevoflurane.

Experimental Section

The global minima for 1a, 1p and 2a were first searched using Monte Carlo
distribution at the AM1 level.”® Further calculations were performed over the
selected conformers: geometry optimization and NBO calculations at the
©B97X-D/6-31G(d,p) level,"® and coupling constants calculations at the
©B97X-D/6-311+G(d,p) level.”® These calculations were performed using the

Gaussian 09 program.”® The NMR experiments for 1 and 2a (commercially
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available) were carried out at 499.87 MHz for 'H, 125.69 MHz for **C and

470.34 MHz for °F, for ca. 20 mg mL™ solutions in C¢Dy, and DMSO.
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Abstract

The fluorine (reverse) Perlin-like effect is a coupling constant-related
phenomenon that can be useful to investigate the stereochemistry and molecular
properties of organofluorine compounds. While 1,3-dioxane is known to exhibit
the Perlin effect (*Jc.pax < 1JC_Heq) and 1,3-dithiane experiences the reverse Perlin
effect (e nax > e req), DOt their fluorinated analogues 2-fluoro-1,3-dioxane (1)
and 2-fluoro-1,3-dithiane (2) showed the reverse fluorine Perlin-like effect (|'Jc.
raxl > |creql). There has been some recent discussion in the literature about the
origin of these effects, either as being due to hyperconjugation or dipolar
interactions, but our findings indicate that while the angular dependence of *Jc.
rax IN 2-fluorotetrahydropyran is consistent with the molecular dipole moment

(ruled by the orientation of local dipole vectors from C—F bond and oxygen
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electron lone pairs), the reverse fluorine Perlin-like effect in 1 and 2 is due to a
combination of hyperconjugative, steric and electrostatic interactions. The role
of C—X and ny orbitals on the Fermi contact term for the *Jc.¢ coupling constant

has also been analyzed on the basis of canonical molecular orbitals.

Keywords: Perlin effect, one-bond C-F coupling constant, hyperconjugation,

dipolar interaction.
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1. Introduction

Many studies have shown descriptions for the transmission mechanism of spin-
spin coupling constants (SSCCs) involving molecular and quantum mechanical
calculations, in order to obtain insight about molecular structure and
stereochemistry, as well as chemical and biological properties [1,2]. The Perlin
effect is a useful SSCC-based phenomenon observed in cyclohexane derivatives
and pyranoside-type carbohydrates, because it describes the orientation, either
axial or equatorial, of a C—H bond through the *Jc. coupling constant [3].
According to the Perlin effect, particularly in tetrahydropyran-like molecules,
the one-bond coupling constant for an axial C—H bond adjacent to oxygen is
smaller than *Jc. for an equatorial C—H bond, i.e. 1JC_Heq > 13 pax This extends
to C—H bonds adjacent to nitrogen and sulfur. According to Wolfe and
coworkers [4], the magnitude of these coupling constants is dependent on the
length and strength of the C—H bond. These bond properties would result from
antiperiplanar hyperconjugation, no—>oc*c.y in tetrahydropyrans and cc.p—>6*c n
in cyclohexanes. 1,3-Dithianes exhibit the reverse Perlin effect, that is, *Jc.pax >
lJc_Heq [4], as a result of dominant Gc.s—>6%c.eq OF Oc.peg—>0%c-s interactions
(rather than ns—o*c.). Juaristi has recently reviewed these and other effects in
six-membered rings [5]. However, Cuevas et al. [6] did not find any relationship

between “Jc.;y and hyperconjugation upon rotation of the H—C—O—C (7)
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fragment, but *Jc.4 was found to follow a cos z dependence, which was proposed
to arise from dipolar interactions.

Due to the earlier hyperconjugative nature attributed for the Perlin
effect, it has been often related to the anomeric effect, which is the preference of
electronegative substituents (X) at the anomeric carbon (C-1) in the chair
conformation of monosaccharides to occupy the axial position (a-anomer)
instead of the less hindered equatorial orientation (p-anomer) that would be
expected from steric considerations [7]. The a-anomer would be preferred due to
No—>6™*c.x interactions, but also because of stronger dipolar interactions in the p-
anomer. 2-Fluorotetrahydropyran has been considered a good model to study the
anomeric effect, because o*cr is a low-lying electron-acceptor orbital and,
therefore, this compound experiences strong no—c*cr interaction [8]. In
addition, it is subjected to strong dipolar interaction, because of the interaction
between local dipoles originated from the C—F bond and oxygen lone pairs in
the B-anomer; such interaction supports the electrostatic-based explanation for
the anomeric effect [9]. Since the C—F bond is more polar than C—H, the
corresponding Perlin-like effect would be expected to be stronger on 'Jc¢ than
on Yen, if it s really related to dipolar interactions rather than
hyperconjugation.

In fact, since the C—F local dipole is reversed if compared to the small

C—H dipole, the *Jc.ra Was found to be larger (in absolute terms) than 1JC_Feq in
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2-fluorotetrahydropran and acetylated fluorosugars [10], while *Jc pax < *Jc tieq i
tetrahydropyran. This effect in the fluorinated compounds was named reverse
fluorine Perlin-like effect and the comparison with tetrahydropyran gave a clear
evidence for the electrostatic argument to this effect. In addition, rotation around
the C—O—C—F torsional angle in fluoro(methoxy)methane showed that *Jc.¢
decreases (in absolute terms) linearly with increasing the molecular dipole
moment [11], while *Jcr increases (in absolute terms) exponentially with the
molecular dipole moment upon rotation of the F—C—C—F dihedral angle in
1,2-difluoroethane [12]. Since the overall dipole moments in these molecules are
governed by the mutual orientation of oxygen lone pairs and C—F bond local
dipoles, the interaction between these vectors describes the angular dependence
of Y, but it is maybe not responsible for the origin of Perlin-related effects.
Clearly, the oxygen lone pairs play a different role for the *Jc SSCC when
compared to polar bonds (Figure 1). In order to feed the discussion about the
origin of Jcr SSCC’s, which can be useful to determine the structure and
stereochemistry of organofluorine compounds, as well as to make a parallelism
with the traditional reverse Perlin effect, which is observed in e.g. dithianes, the
“Jor was theoretically investigated using model compounds containing the

O—CHF—O0 and S—CHF—S fragments.



93

Fluorine Perlin-like effect

o] o]
[+ M
(-)164.6 Hz (-)169.3 Hz
F (1)176.5 Hz (-)190.6 Hz
F
Reverse fluorine Perlin-like effect
AcO AcO
0] [e]
AcO AcO
Acoﬁ AcoﬁF
AcO F(-) 229.6 Hz AcG (-) 220.7 Hz

Figure 1. *Jce coupling constants of some organofluorine compounds [1,10,13].

2. Material and methods

The studied compounds were all optimized using the DFT/wB97X-D [14]
method and the 6-311++G(d,p) [15] basis set. Frequency calculations were
employed to obtain the standard free and zero-point energy corrections (298.15
K and 1.00 atm) for each structure, as well as to guarantee that the obtained
minima did not represent saddle points. For the cyclic compounds, calculations
were performed for the gas phase and implicit DMSO solution using the
polarizable continuum model (PCM) described by Tomasi and coworkers [16].
Natural bond orbital (NBO) [17] analyses were carried out for the optimized
geometries using the same theory level. NMR coupling constant calculations in

the gas phase (for all compounds) and implicit DMSO (for cyclic compounds)
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were performed at the BHandH/EPR-I11 [18] (for C, F and H). Calculations were

all performed using the Gaussian 09 program [19].

3. Results and discussion

The presence or absence of the fluorine Perlin-like effect in compounds
containing the X-CHF-X (X = O and S) fragment was first investigated using
calculated Jc.r values for 2-fluoro-1,3-dioxane (1) and 2-fluoro-1,3-dithiane (2),
which are shown in Figure 2. In both cases, the reverse fluorine Perlin-like effect
is observed, i.e. |1JC_FaX| > |1JC_Feq|, in agreement with the corresponding values
for 2-fluorotetrahydropyran (3) and 2-fluorotetrahydrothiopyran (4). These
values follow the trend of the Fermi contact contribution. These results are
surprising, since only 1,3-dithiane experiences the reverse Perlin effect (*Jc.ax >
lJC_Heq) when compared to the corresponding non-fluorinated analogues
tetrahydropyran, tetrahydrothiopyran (*Jea = 1JC_H%,) and 1,3-dioxane [5].
Moreover, the additional endocyclic heteroatom (O or S) in 1 and 2 increases the
difference between "Jerux and “Jereq if compared to 3 and 4, respectively (in
both cases, AAlJaX_eq = 17 Hz). Thus, endocyclic O and S atoms strengthen the
reverse fluorine Perlin-like effect. In fact, |1Jc_pax| > |1JC_Feq| when fluorine is
bonded to C-2, C-4 and C-5 (5-10, Figure 2), but the difference (A|1JC_F(aX_eq)|)
decreases with the distance between F and X. This trend in C,—F and Cs—F

continues to be observed upon influence of F at position 2 (11-14). It is
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interesting to note that |"Jerml > [Jcrel for the tetrahydropyran and
tetrahydrothiopyran derivatives 3 and 4, but *Jc..x and 1Jc.peq are similar for 15-
18 (fluorine bonded to C-3), and [NJc.ral < | reql fOr 19-22 (fluorine bonded to
C-4). Thus, the position of the heteroatom X plays a significant role on the

magnitude of ‘Jcr and on the order of "J¢ rax compared to *Jc req as well.
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Earlier studies have assigned the origin of the Perlin effect as the same
nature of the anomeric effect, that is nos—>c™c.r hyperconjugation [4]. This
would be evidenced by the shorter C—F,, bond relative to C—F,. Indeed, 3 and
4 exhibit the anomeric effect both in the gas phase and polar solution (implicit
DMSO0), and the energy difference between the axial and equatorial conformers,
as well as the difference between C—F bond distances, increases after adding
another heteroatom in 3 and 4 to give 1 and 2 (Table 1). Accordingly, natural
bond order (NBO) calculations indicate the significant contribution of the
aforementioned hyperconjugative interaction for the stabilization of the axial
conformer in 1-4 (Table 1). Thus, we should now search for the origin of the
reverse fluorine Perlin-like phenomenon, by scanning the C—X—C—F dihedral
angle and evaluating the angular dependence of Jc., molecular dipole moment
(w) and ny—oc*ce using model compounds (H:C—X—CH,—F and

H3;C—X—CHF—X—CH;).
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Table 1. Selected computational characterization of cyclic compounds 1-4.%

Parameters 1 2 3 4
ax eq ax eq ax eq ax eq
GCl 0(0) 4.0(24) 0(0) 4.7(4.3)  0(0) 2.8(2.0) 0(0) 2.6(2.2)
e -260.0 -235.3 -288.3 -257.8 -228.9 -221.5 -237.3 -224.2
(-257.2)  (-226.5) (-283.3)  (-2495) (-226.5) (-215.1) (-232.8) (-217.9)
u 2.7(3.6) 4.4(.7) 26(35) 43059 24(31) 3545 2432 3.6(4.8)
der 1.400 1.344 1.391 1.368 1.406 1.371 1.400 1.383
(1.414) (1.359) (1.402) (1.378) (1.420) (1.385) (1.411) (1.395)
ZNx—>6*c.F 47.6 7.1 34.0 2.3 25.1 74 17.3 1.3
20cx—>0%cF - 5.7 - 7.4 - 3.0 - 35
20cF>0%cx - 2.9 14

 Relative standard free energies G°. (kcal mol™), 2Jcr constant coupling (Hz), dipole
moment p (debye) and C-F bond length (A) for 1-4, in gas phase. The calculated values
in implicit DMSO are given in parenthesis. Hyperconjugative interactions (kcal mol™)

are given for the gas phase.

The rotation around the C—X—C—F dihedral angle in
fluoro(methoxy)methane has already been studied and “Jor was found to be
linearly correlated with p (R®> = 0.90), but not with the no—oc*cr
hyperconjugative interaction [11]. Similar behavior is observed for
fluoro(methylsulfanyl)methane, but the determination coefficient of the linear
regression between *Jcr and p was 0.79 (Supplementary Material). Thus, the
fluorine Perlin-like effect in 4 is apparently dictated by dipolar interactions.
However, the figure changes upon analysis of the angular dependence of “Jc.r
with p and nx—oc*ce in  fluoro(dimethoxy)methane and fluoro(bis-

methylsulfanyl)methane, since the correlation between 'Jcr and p is only
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roughly linear (R® 0.58 and 0.63, respectively), while there is not any correlation

of YJc.¢ with hyperconjugation (Figure 3).
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Figure 3. Angular dependence of 13, molecular dipole moment and nx—>oc*c.r
hyperconjugative interaction in fluoro(dimethoxy)methane and fluoro(bis-

methylsulfanyl)methane.
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The more negative 'Jc.rax compared to lJc_Feq (less electronic density in
C—F. bond) and the larger C—F,, distance compared to C—F, are consistent
with the hyperconjugation model (nx—oc*cr.) that leads to the resonance
structure with a C—O"=C moiety dissociated from F". However, this effect that
apparently appears in the axial conformation of 1 and 2 does not follow an
angular dependence with *Jc.c. On the other hand, the worse correlation between
Jc.r and p in fluoro(dimethoxy)methane and fluoro(bis-methylsulfanyl)methane
upon rotation of dihedral angles (Figure 3) compared to
fluoro(methoxy)methane and fluoro(methylsulfanyl)methane indicates that “Jc.¢
varies according to multiple effects affecting the C—F coupling pathway. An
intriguing question is that C—F and C=0 bonds in 2-fluorocyclohexanone
derivatives, and C—F bond and oxygen lone pairs in 2-fluorotetrahydropyran
derivatives (Figure 1) yield local dipole vectors directed towards almost the
same direction; consequently, dipolar interactions should be similar in these
cases. However, the magnitude of "Jcra and “Jereq in 2-fluorocyclohexanone
and 2-fluorotetrahydropyran is inversed. This is reinforced by comparing the
angular dependence of *Jc in fluoroethanal [20] and fluoro(methoxy)methane,
in which the respective C=0 (which is correctly mimicked by point charge
models [12,20]) and ng local dipole vectors are oriented in approximately the
same direction, but the resulting values for Lo follow different profiles; the

angular dependence of *Jc¢ in these compounds would be similar if this SSCC
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was related to electrostatic effects. Thus, electron lone pairs affect *Jc.r
differently from point charges and, therefore, the rough angular dependence of
YJc.r with p is better described as a direct spatial interaction between F and ny
rather than between local dipole vectors; coincidentally, the orientation of the
interacting lone pairs rules the orientation of the resulting local dipoles.

The "Jc¢ coupling constant can also be probed in terms of C—F bond
hybridization using the s-character of the bond-forming orbitals. Accordingly,
the higher the s-character of the atoms involved in the C—F bond, the more
effective is the interaction and shorter bond lengths are expected. Indeed, higher

s-characters are obtained for these atoms in the equatorial conformer (Table 2).

Table 2. s-Character (%) obtained by NBO calculations in gas phase.

Atoms 1 2 3 4

ax eq ax eq ax eq ax eq
C 20.4 21.3 21.2 21.3 18.6 19.4 19.1 19.5
F 25.9 28.6 27.7 29.2 26.9 28.6 27.9 28.8

The canonical molecular orbital (CMO) analysis allow to describe the
Fermi contact (FC) term, which is directly proportional to *Jc¢ for 1 and 2, and
it is related to the magnetic interaction between an s-type electron and an atomic
nucleus. For the *Jc.¢ coupling constant, it is appropriate to search for the CMO
containing the C—F bonding orbital [21]. NBOs contributing to important
electronic densities at the sites of the coupling nuclei (C, and F) are shown in

Table 3. Because they belong to the same CMO, they transmit the FC term,
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since the Fermi hole spans the whole region of each canonical molecular orbital
[22]. According to the CMO point of view, C,—X (X = O and S) bonds play a
significant role for the transmission coupling pathway in 1-ax and 2-ax (CMO
8), and also LP(S) for 2-ax (CMO 22). For 1-eq, LP(O) and LP(F), in addition to
C—F, participate in a same CMO (CMO 15), thus contributing to the FC term
and suggesting that oxygen and fluorine lone pairs interact in space and
increases the electronic density in C—F (less negative FJc rq than *9Jc g).
The picture changes in 2-eq, where C,6—S bonds participates in the coupling
transmission as electron donor (CMO 21), in agreement with the traditional

reverse Perlin effect.

Table 3. MO contributions for *©J. ¢ SSCC from expansion of the CMOs for
compounds 1 and 2. The orbital energy (E) is given in a.u.

- v
'y ¢ (o%n |O°F
O AP 2t
lax leq 2ax 2eq
CMO 8 CMO 15 CMO 24 CMO 21
lax leq 2ax 2eq

MO 8 (occ): E = -1.319457
0.653*[25]: BD(1)C3-F14
0.633*[12]: LP(1)F14

0.227*[22]: BD(1)C3-011

MO 8 (occ): E = -1.344271
0.703*[24]: BD(1)C3-F13
0.615*[10]: LP(1)F13

MO 16 (occ): E = -1.314801
0.703*[31]: BD(1)C3-F12
0.668*[16]: LP(1)F12

MO 16 (occ): E = -1.335405
0.722*[32]: BD(1)C3-F13
0.653*[20]: LP(1)F13

0.227%[23]: BD(1)C3-012

MO 14 (occ): E = -0.682894
0.416*[12]: LP(1)F14
-0.396*[25]: BD(1)C3-F14
-0.377%[19]: BD(1)C2-H5
-0.377*[26]: BD(1)C4-H9

MO 15 (occ): E = -0.649886
0.521%[24]: BD(1)C3-F13
-0.508*[10]: LP(1)F13
0.329%[27]: BD(1)C4-H10
0.329%[20]: BD(1)C2-H6
0.250%[ 8]: LP(1)011
0.250%[13]: LP(1)014

MO 22 (occ): E = -0.668608
0.389%[25]: BD(1)C1-H7
-0.378*[27]: BD(1)C2-H5
-0.378%[34]: BD(1)C4-H9
0.347%[16]: LP(1)F12
-0.331%[31]: BD(1)C3-F12
-0.233*[30]: BD(1)C3-H11

MO 21 (occ): E = -0.743727
-0.380*[20]: LP(1)F13
0.361%[33]: BD(1)C3-H14
0.323#[26]: BD(1)C1-H 8
-0.314*[29]: BD(1)C2-S12
-0.314*[36]: BD(1)C4-S11
0.283%[32]: BD(1)C3-F13
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0.364*[17]: BD(1)C1-H7

MO 17 (occ): E = -0.614214
-0.511*[25]: BD(1)C3-F14
0.431*[12]: LP(1)F14
-0.381*[17]: BD(1)C1-H7
0.325*[19]: BD(1)C2-H5
0.325*[26]: BD(1)C4-H9

-0.232%[35]: BD(1)C4-H10
-0.232#[28]: BD(1)C2-H 6
0.225%[19]: LP(1)S13
0.225%[21]: LP(1)S14

MO 23 (occ): E = -0.615735
0.596*[30]: BD(1)C3-H11
0.451*[17]: LP(2)F12
-0.407*[31]: BD(1)C3-F12
0.288*[16]: LP(1)F12
0.239%[28]: BD(1)C2-H 6
0.239%[35]: BD(1)C4-H10

MO 24 (occ): E = -0.593367
-0.372*[25]: BD(1)C1-H 7
-0.356*[31]: BD(1)C3-F12
0.326*[16]: LP(1) F12
-0.325*[ 35]: BD(1)C4-H10
-0.325*[28]: BD(1)C2-H 6
0.284*[34]: BD(1)C4-H 9
0.284*[27]: BD(1)C2-H 5
0.231*[33]: BD(1)C3-S14
0.231*[32]: BD(1)C3-S13

0.267*[25]: BD(1)C1-H7

MO 23 (occ): E = -0.624502
0.531*[33]: BD(1)C3-H14
-0.505*[32]: BD(1)C3-F13
0.420*[20]: LP(1)F13
0.371*[21]: LP(2)F13
-0.230*[35]: BD(1)C4-H10
-0.230*[28]: BD(1)C2-H6

4. Conclusions

The reverse fluorine Perlin-like effect (|"Jc.rax] > ["Jc.reql) Operates in 2-fluoro-

1,3-dioxane and 2-fluoro-1,3-dithiane, which experience the anomeric effect too.

Unlike the anomeric effect, the reverse fluorine Perlin-like effect in these

compounds have little relationship with hyperconjugative interactions. It has

been found a rough linear angular dependence of *Jc. with the molecular dipole

moment (governed by the mutual orientation of the electron lone pairs of X and

the C—F polar bond) in model compounds containing the C—X—CHF—X (X

= 0 and S) fragment, but the origin of the reverse fluorine Perlin-like effect can

be better expressed in terms of mixed effects, including the direct F/ny spatial

interaction rather than electrostatic effects similar to point charges. In fact,
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C—X bonding and no nonbonding orbitals were found to be related with the
transmission of the Fermi contact term in 1 and 2, according CMO analysis. The
two spatial interactions between F and ny in the equatorial conformer of 2-
fluoro-1,3-dioxane and 2-fluoro-1,3-dithiane lead to a smaller absolute value for

1Jc.r compared to the respective fluorinated oxane and thiane.
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ARTIGO 4
(Publicado em RSC Advances)

Interactions affecting 'Jcr SSCCs in neutral
and ionic 2-, 3- and 4-fluoro-substituted
piperidines: Normal and reverse fluorine
Perlin-like effect

Josué M. Silla® and Matheus P. Freitas*?

The fluorine Perlin-like effect is an NMR phenomenon characterized by
Ncrad] < |1JC_Feq| in fluorinated six-membered rings and can be useful to
determine the stereochemistry of such organofluorine compounds. The
reverse fluorine Perlin-like effect is the opposite, that is ["Jc.rad > [Nc reql-
The origin of the traditional Perlin effect in tetrahydropyran (*Jc.pax < “Jc-
rHeq) has long been explained in terms of ng — c™cnax hyperconjugation,
that elongates the C-Ha, bond, then reducing "Jcpa relative to “Je peq.
However, dipolar interactions have recently been invoked as the dominant
contribution for the Perlin effect. The effects ruling the *Jc.r coupling
constant in 2-, 3- and 4-fluoro-substituted piperidines and respective
cations and anions are reported in this work, because of the important role
of fluorine and nitrogen (either neutral or charged) in pharmaceutical and
material sciences. The proximity (either scalar or spatial) of nitrogen to

fluorine affects the *Jc.r coupling constant, but the nitrogen electrons lone
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pair and the charge on nitrogen interacting with the C-F bond or fluorine
lone pairs play the major role in describing the 'Jcr transmission
mechanism, rather than hyperconjugation. This makes clear upon analysis
of the axial 3-fluoropiperidinium cation, which experiences the
electrostatic gauche effect F---N”, decreasing the |1JC_FaX| relative to |1Jc_Feq|,
and also by investigating non-covalent interactions (NCI), canonical
molecular orbitals (CMO’s) and the angular dependence of 'Jc.r with
molecular dipole moments and ny — o*cg interactions for the titled

compounds and 1-(fluoromethyl)aziridine.

Introduction

The replacement of an hydrogen atom by fluorine in organic molecules
can alter their physicochemical and biological properties, giving rise to
important examples of organofluorine compounds, such as the drugs
Fluoroxetine (antidepressant), Faslodex (anticancer), Flurithomycin
(antibacterial) and Efavirenz (antiviral).® In addition, the presence of
fluorine vicinal to electronegative substituents in an ethane fragment
induces the gauche effect, i.e. the conformational preference for the
gauche orientation relative to the sterically less hindered anti
conformation. This effect comes from the high polarity of the C-F bond

and, consequently, the low lying o*c ¢ orbital, which is a good electron
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acceptor from antiperiplanar oc. orbitals (Figure 1).> However, the
electrostatic gauche effect takes place when the electronegative fluorine
interacts attractively with a positive nitrogen, e.g. in the staggered
conformation of 3-fluoro-y-aminobutyric acid (3F-GABA)** and 3-fluoro-

N-methyl-D-aspartic acid (3F-NMDA).’

“ F

ooy +
NR; NR;
electrostatic gauche effect ~—
F

Fig. 1 Gauche effect from hyperconjugative and electrostatic interactions.

F F R
hyperconjugative gauche effect 0 —— \—\
G*cF
OcH

The predominant axial conformations for the 3-fluoropiperidinium
cation is known to be originated from the electrostatic gauche effect
N*.--F, while intramolecular hydrogen bond NH---F does not play a
significant role for its conformational isomerism.®’ While these spatial
interactions can affect the spin-spin coupling constant “Jc.r, the ruling
effects of the 'Jc. transmission mechanism have been reviewed for six-

membered rings and other systems.® The Perlin effect can be useful to
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estimate the stereochemistry of substituted six-membered rings and was
established upon the observation that 'Jcppa < 1JC2_Heq in pyranoside

O This effect has been attributed t0 a No—>G™co pax

derivatives.’*
hyperconjugation that elongates the C2-Hax bond and, consequently,
decreases “Jco.pax relative to *Jeopeq. -~ The reverse Perlin effect (*Jcohax >
1JCZ_Heq) observed in 1,3-dithiane would be originated from the dominant

11-13 More

Gc-s—>0*c.Heq OF Oc-Heq—>0*c.s  Stereoelectronic interactions.
recently, dipolar effects between no and the C-H bond in tetrahydropyran
have been invoked as the main cause of the Perlin effect.* In order to
probe the role of dipolar effects on one-bond coupling constants, the *Jc.
coupling constant in 2-fluorotetrahydropyran derivatives has been recently
analyzed, since the C-F bond is highly polar and, therefore, the so called
reverse fluorine Perlin-like effect would be significant.”® Indeed, the |"Jc.
rad coupling constant in these compounds are larger (*Jc.cax More negative)
than ["Jcreql, Whose origin was further investigated using fluorinated
model systems and the 'Jcr showed angular dependence with the
molecular dipole moment.*®*’ It is worth mentioning that absolute values
of coupling constants have been used to define the fluorine Perlin-like
effect because they are explicit on the splitting of **C peaks.

While the interaction of fluorine with polar bonds and electron lone

15-17 th

pairs seems to affect the “Jc. spin-spin coupling constant (SSCC), e
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influence of positive (e.g. in systems experiencing the electrostatic gauche
effect) and negative sites on 'Jc.r, and of the orientation and distance of
fluorine relative to these sites, is still unclear. Thus, this work reports a
theoretical analysis of the *Jc.¢ SSCC in n-fluoropiperidines (n = 2, 3 and
4) and in the corresponding cations and anions (Figure 2), in order to find
the dictating effects of "Jc.r and, consequently, to obtain insight on the

stereochemistry of organofluorine compounds using this SSCC.

Experimental and computational details

The 3-fluoropiperidinium hydrochloride (5) was purchased from Sigma-Aldrich
and used without further treatment, while the corresponding neutral form (4) was
obtained by deprotonation of 5 using zinc powder in CH,Cl,.® The *C NMR
spectra were acquired on a Bruker Avance Ill spectrometer operating at 150.9
MHz, using ca. 20 mg mL™ in CDsCN (4) and DMSO-d; (5) solutions.
Optimization and frequency calculations were performed at the ®B97X-
D/6-311++g(d,p)'®*° level for compounds 1a-9b of Figure 1. Natural orbital
bond (NBO) analyses were carried out for the optimized structures at the
standard B3LYP/6-311++g(d,p)*** level using the NBO 6.0 program,”* in order
to obtain the electronic delocalization values and other parameters possibly

affecting the “Jc.r coupling constant. Spin-spin coupling constant calculations
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were performed at the ®B97X-D/6-311+g(d,p) level. All the calculations were
processed using the Gaussian 09 program? for the gas phase. Calculations of
non-covalent interactions (NCI) over the structures optimized at the ®B97X-

D/6-311++g(d,p)'®* level were performed using the NCIPLOT program.?

Results and discussion

The reverse fluorine Perlin-like effect (|Jcrml>Jcreql) appears in 2-
fluorotetrahydropyran, 2-fluorotetrahydro-2H-thiopyran, 2-fluoro-1,3-dioxane
and 2-fluoro-1,3-dithiane due especially to the interaction between the fluorine
atom (through the C-F bond and/or fluorine lone pairs) and the endocyclic
oxygen or sulfur.™®*" In these cases, either O or S have negative partial charge;
consequently, if the effect on “Jcr originates predominantly from electrostatic
interactions, the [\Jc.e.] in the 3-fluoropiperidinium cation (5) would be smaller
than |1Jc_Feq|, then supporting the fluorine Perlin-like effect. It is worth
remembering that 5a experiences the electrostatic gauche effect due to the F---N*
interaction. Indeed, the calculated value for *Jc.ra in 5a is -179.1 Hz (*™Jc.rax =
-230.1 Hz), while "¢ gq for 5b is -203.0 Hz (*"°Jc req = -245.3 Hz) (Figure 2).
When 4a, 5a and 6a (all with axial F and H(N), where possible) are
compared to each other, the F--N" interaction in 5a (which withdraws electron

density from F - check the fluorine natural charges in Table 1) causes an



113

increasing in the [\Jc.¢| value relative to 4a (neutral N) and especially to 6a,
where the F/N~ repulsion is large and, therefore, the |'Jc.¢| value is minimum
(*Jcr less negative). On the other hand, comparison of [\Jc.¢| between axial and
equatorial conformers in 4, 5 and 6 does not show the expected trend if one
takes into account only electrostatic effects, i.e. Al"Jcrexeql Should invert the
sign on going from 5 to 4 and then 6 (or, at least, Al"Jc raxeq| WoUld be expected
to increase according to 6<4<5). Actually, calculations show that A|1JC_F(aX_eq)| for
5 and 6 are similar. A possible reason is that the equatorial fluorine in the series
4b, 5b and 6b are anti to the nitrogen atom and, therefore, no spatial interaction
is allowed and the effect of the nitrogen charge on 'Jcr is different when
compared to 4a, 5a and 6a. Consequently, other interactions, not only
electrostatic ones, participate in the *Jcr transmission mechanism, which can
include hyperconjugation and steric interactions. The solvent effect, analyzed on
the basis of implicit DMSO calculations (using the polarizable continuum model
2%), shows that ['Jc.¢| decreases on going from the gas to polar solution, but the
trend among compounds (4, 5 and 6) and conformers remains (Fig. 1).The
experimental 'Jcr values for 3-fluoropiperidine (in CDsCN) and its
corresponding hydrochloride salt (cation 5 in DMSQ) are -169.0 and -170.5 Hz,
respectively, which are in qualitative agreement with the calculated mean values
(considering the conformational populations in implicit water obtained from the

literature®): "Jc. = -179.7 (4) and -181.2 Hz (5). Thus, despite not quantitatively
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accurate, the J calculations provided a qualitatively reliable trend.

Analysis of 2-fluoro and 4-fluoropiperidine and their respective cations
and anions allows a deeper understanding of the influence of steric, electrostatic,
inductive and hyperconjugation effects on *Jcr. In general, the effect of scalar
distance on "Jc.¢ between N and F is remarkable, since 'Jc.¢ values for 2 (cation),
1 (neutral) and 3 (anion) (2-F derivatives) are -238.9 to -245.4 Hz (2), -186.2 to -
200.3 Hz (1) and -153.2 Hz (3), while the corresponding values for 4-F
derivatives are -184.2 to -202.0 Hz (8, cation), -172.8 to -183.0 Hz (7, neutral)
and -163.8 to -168.6 Hz (9, anion). These results clearly indicate that scalar
proximity between N and the C-F bond plays an important effect on *Jc.¢ so that
the "positive charge™ at N contributes to increase |*Jc.¢| (by withdrawing electron
density from the C-F bond) and/or the negative charge contributes to decrease
|"Jc.e| (by donating electron density to the C-F bond). Data for 3a are omitted
because this geometry converged to a distorted structure owing to the high
hyperconjugation energy ny—c™*c.r, resulting in F dissociation and in a C=N

double bond.



115

N—
. mN/H H
-186.2 £7-196.8 £7-190.6 -200.3
( -224.0) (

(2324) | (-227.8) -244.1)
1b 1c 1d ©
T
N—__ N
+ ~H
mﬁ/ m
-238.9 -245.4 | n.c. £7-1532
(-255.9) F (262 2 ! (-196.9)
2b 3a 3b
-171.6, -162.4ppmsoH -183.0, -168.9ppms0
(2250) F | F (-232.1)
A= '
F F H H
N N—
-188.5, -176.8pms0 | -178.9, -168.5pms0
(-239.9) b (-231.0)
4a 4b 4c 4d
-179.1, -169.0ppmso H -169.2, -159.6ppms0
(-2301) F F(-2243)
~ ').1 ~ H H —~— N
F i F -
-203.0, 179.5pms0 | -194.8, -181.8ppms0
(-245.3) ! (-255.6)
5a 5b 6a 6b
/m /m N—y
-183.0 -183.0
-172.8 1729
( 226.1) (2342) (-233.8) (226.2)
b 7c F 7d
168 6 N
-18422
(-232.4) (-228.6)
F
8a 9b

Fig. 2 Calculed "Jc.¢ (Hz) coupling constants for n-fluorpiperidines (n = 2, 3 and
4) and their respective cations and anions (the Fermi contact term is given in
parenthesis). Data for compounds 10 and 11 were obtained from the literature.**
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Cations 2 (2-F), 5 (3-F) and 8 (4-F) will now be considered for a
comparative analysis of [\Jc ra| and |'Jc reql- Since the F--N* distance in the axial
and equatorial conformers of 2 does not change and the fluorine atom in these
conformers are not subjected to any interaction with electron lone pairs, the
value for A["Jc.rareq| = -6.5 Hz is similar to that found for fluorocyclohexane
(Nerax = -164.6 Hz and "Jc.req = -169.3 Hz).> Compound 5, which experiences
the electrostatic gauche effect, exhibits a significantly higher value for Al'Jc rax.
el (-23.9 Hz), as mentioned and explained above. For 8, whose F--N"
interaction is attenuated in comparison to 5a because of its longer distance (only
a weak transannular interaction is expected for the axial conformer, as revealed
by the NCI plots of Figure 3), the effect in A|1JC_F(aX_eq)| is smaller than in 5, i.e.
A|1JC.F(aX.eq)| = -17.8 Hz. Thus, these results suggest that the interaction of the
fluorine atom with N* indeed induces a decrease in the |1JC_F| value. Curiously,
the effect observed for anions 6 and 9 is also a negative A|1JC_F(aX_eq)| (A|1JC_F(6a_6b)|
= -25.6 Hz and A|1JC_F(ga_gb)| = -4.8 Hz), suggesting that the effect of the
interaction of fluorine with a negative charge/lone pair on A|1JC_F(aX_eq)| is similar

to the effect of the interaction between F and N™.
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Table 1. Fluorine natural charges (Qg, in a.u.), C-F bond length (A) and total *Jc.
¢ coupling constant (Hz), including its FC (Fermi contact), SD (spin dipolar),
PSO (paramagnetic spin orbit) and DSO (diamagnetic spin orbit) components.

Structure Qr der FC sD PSO DSO Total
la -0.420 1.408 -224.0 18.9 18.0 1.0 -186.2
1b -0.398 1.388 -232.4 18.0 16.5 1.0 -196.8
1c -0.400 1.390 -227.8 18.5 17.7 1.0 -190.6
1d -0.447 1.437 -244.1 205 22.3 1.0 -200.3
2a -0.359 1.361 -255.9 14.5 15 1.0 -238.9
2b -0.351 1.358 -262.2 14.3 15 1.0 -245.4
3a - - - - - - -

3b -0.456 1.435 -196.9 19.5 23.2 1.0 -153.2
4a -0.422 1.409 -225.0 21.9 30.6 1.0 -171.6
4b -0.408 1.400 -239.9 21.2 29.3 0.9 -188.5
4c -0.408 1.399 -231.0 214 29.8 0.9 -178.9
4d -0.410 1.400 -232.1 20.8 274 1.0 -183.0
5a -0.400 1.400 -230.1 215 285 1.0 -179.1
5b -0.363 1.375 -245.3 18.9 225 0.9 -203.0
6a -0.441 1.421 -224.3 221 32.0 0.9 -169.2
6b -0.456 1.438 -255.6 23.7 36.2 0.9 -194.8
Ta -0.420 1.409 -226.1 21.9 304 1.0 -172.8
7b -0.409 1.402 -234.2 21.0 29.2 0.9 -183.0
7c -0.408 1.400 -233.8 20.9 289 0.9 -183.0
7d -0.421 1.409 -226.2 21.9 304 1.0 -172.9
8a -0.397 1.394 -232.4 20.7 26.5 1.0 -184.2
8b -0.370 1.377 -243.5 18.8 21.9 0.9 -202.0
9a -0.442 1.426 -221.4 22.9 33.8 0.9 -163.8
9b -0.449 1.434 -228.6 23.1 36.0 0.9 -168.6

The last comparative analysis will be performed for the neutral
compounds 1, 4 and 7. The two axial conformers of 7 have the same calculated
ek value (-173 Hz), as well as the two equatorial conformers (-234 Hz),
because the interaction between N and F in 7 is negligible. In this case, the
effects governing 'Jcr in 7 should be equivalent to the ones operating in
fluorocyclohexane. On the other hand, the nitrogen atom in 4 seems to affect the
e values, because Al'Jc ruaaadagl = -11.4 Hz and A|'Jc ruceqaneq) = -9.6 Hz.
The smaller [\Jc.¢| value for 4a (axial) follows the trend observed in other axial

structures (excepting 1d) and in fluorocyclohexane, while the |'Jc.¢| value of
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183.0 Hz for 4d (axial) is only smaller than 4b and its fluorine atom experiences
a 1,3-diaxial interaction with the N lone pair. Similar interaction in the 3-fluoro-
tetrahydropyran has also resulted in a larger |"Jc ra| than ['Jc reql (192.0 against
190.2 Hz). Similar outcome was found for 1 (A|1JC_F(1aaX_1dax)| = -14.1 Hz and
A|1JC_F(1ceq_1beq)| = -6.2 Hz), in which 1a (axial) showed the smallest |'Jc.¢| value
(186.2 Hz) and 1d (axial) the largest one (200.3 Hz). The equatorial conformers
(1b and 1c) showed larger |'Jc.¢ values than 1d. However, the F atom in la-c
interacts spatially with the N electrons lone pair, in agreement with the model of
dipolar/electronic interaction proposed earlier to explain the Perlin effect
involving the F atom in 2-fluoro-tetrahydropyran and fluorinated acetyl-
monosaccharides.” The high |"Jc.ra| Value in 1d compared to its conformers,
which characterizes the reverse fluorine Perlin-like effect, is possibly due to the
lack of interaction between F and ny. However, the role of hyperconjugation
(nn—0*c.r) to increase the ['Jc.¢| value in 1d, since the C-F bond is lengthened

(Table 1), cannot be discarded yet.
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Fig. 3 NCI isosurfaces and reduced density gradient (RDG) vs. sign(i,)p plots
for 8. The trough at negative sign(i,)p marked in the plot for 8a, as well as the
green surface between the axial fluorine and the positive nitrogen, indicates a
weak attractive transannular interaction F--N*. Similar interaction is not

observed in 8b. NCI surfaces correspond to s = 0.5 a.u. and a color scale of -0.02
< p<0.02 a.u. for SCF densities.

It is well known that one-bond spin-spin coupling constants (total
SSCCs) are described by the components shown in Table 1 and the Fermi
contact (FC) term is usually its main descriptor. The FC term and, consequently,
the "Jc.¢ coupling constant is affected by the % s-character of the C and F bond-
forming orbitals (including lone pairs), as well as by the occupancies of bonding

and antibonding orbitals. In addition, the canonical molecular orbital (CMO)
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analysis provides information on the molecular orbitals involved in the
transmission mechanism of the Jcr coupling constant;”® the space region
corresponding to each CMO (occupied or virtual) is determined by their
expansion in terms of NBOs (NBO—NLMO—MO pathway). Considering the
series 1a-1d, the largest o*¢roccupancy in 1d owing to the significant nn—oc*c.
¢ hyperconjugation (23.1 kcal mol™) decreases the s-character of the C-F bond-
forming orbitals (Table 2). Such an interaction has relationship with the well
known anomeric effect (an stabilizing effect of the axial conformation of some
2-substituted tetrahydropyrans, such as some monosaccharides) and can be
confirmed by the natural charge on F (more negative in 1d) and the C-F bond
length (longer in 1d) (Table 1). However, the ny—c*cr interaction does not
appear to affect *Jc., given the lack of correlation between *Jc.r and ny—oc*c.r
in the model compound 1-(fluoromethyl)aziridine; the angular dependence of
e is rather observed with the molecular dipole moment (R? = 0.973), which is
ruled by the mutual orientation of the polar C-F bond and the nitrogen lone pair
(Figure 4). At best, an specific point of *Jc in the curve of Figure 4-B could be
associated with the ny—c*c.¢ interactions (since “Jc.¢ is minimal and ny—>c*c.
is maximal at H-C-N-C = 180°), but there is not a regular angular dependence of
1Jc.r with the ny—o*c.r interaction. Indeed, while dcr is related to the anomeric
effect, it does not follow a regular trend with YJer for 1 (Table 1). Thus, it is

indicated a spatial interaction between the C-F bond and the nitrogen electrons
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lone pair as the dominant effect of the "Jc. in 1 rather than hyperconjugation. It
is worth mentioning that ny and ng participating in a same CMO is observed for
la and 1b in Table 2 (and also for 4d, whose fluorine interacts with ny),
confirming the role of the ny---F interaction in the transmission mechanism of

1
\]C-F-



122

-190 T T T T
¥ 1 3.5
-1854 “X_\* —¥— o
-200+ A( 3.0
_ -205 | L25 igl
N L =3
L 210 3
w 20 3
;’0-2157 g
L15 =
-220 =
-225 1o
-230 T T T T T T T T T T 0.5
0 20 40 60 80 100 120 140 160 180
H-C-N-C dihedral angle (deg.)
-190
_*_U e
195 *\\* CF .
Ty —a—ny G 14
.
-200
\ L1z
z
205 = L10 |
= g 2
L 210 o
W Rl
5 015 r° g
F4 3
-220 4 — [, EN
225 B \ Lo
-230 —— 2

T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
H-C-N-C dihedral angle (deg.)

M =-2313+112p

c R*=0.97251

T T
05 1.0 15 20 25 30 35

p dipole moment (D)

Fig. 4 Angular dependence of “Jc.¢ coupling constant with the molecular dipole
moment - pn (A) and ny—>oc*ce hyperconjugation (B) for 1-
(fluoromethyl)aziridine in the gas phase. A linear relationship was found in the
plot "Jcex p (C).



123

The heteroatom (N, O, S) on the six-member ring together with fluorine
effects on 'Jcr coupling constants can be valuable and beneficial, e.g. for
pharmaceutical chemists when they need to select a proper heteroatom and
fluorine substitution site for their six-member-ring drug candidates. Thus, a
systematic comparison of the neutral compounds of this study (1, 4 and 7) with
tetrahydropyran (THP) and tetrahydrothiopyran (THTP) derivatives can be
useful. Fluorine replacement at position 2 in THP and THTP leads to a reverse
fluorine Perlin-like effect (|"Jc.rax>|"Jcreql), While replacement at position 3
causes no or little reverse fluorine Perlin-like effect and, at position 4, the
fluorine Perlin-like effect (|"Jc.rax|<|"Jc reql) takes place.'” A parallelism can be
found between the 4-fluoro-substituted compounds and 7, and the effect of N on
the magnitude of *J. is similar to the effect of O and larger than the effect of S,
in accordance to the electronegativity scale. *Jc.ra in 2-F-THP and 2-F-THTP is
consistent with 1d (not 1a), indicating that close proximity and direct interaction
of F with an heteroatom lone pair indeed decreases |"Jc.¢|. For 4, when the axial
fluorine interacts spatially with the nitrogen lone pair (4d), the effect on *Jc.e
relative to 4c is similar to the effect on axial 3-F-THP and 3-F-THTP relative to

the equatorial conformers, i.e. [\Je raxl>["Jc-regl-
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Table 2. NBO parameters related to the coupling constant *Jc for 1a-1d and 4a-4d compounds, calculated at the
B3LYP/6-311G++(d,p) level in the gas phase.

1a (CMO 23) 1b (CMO 22) 4d (CMO 18)
Parameter  la 1b 1c 1d 4a 4b 4c 4d
NN—0*c.r 11.6 33 3.7 231 - 15 - -
0CC. 6*¢c.p 0.07813 0.04545 0.04589  0.11120 0.04204 0.03641 0.03154  0.04085
s%c (c-r) 17.09 17.71 17.55 16.50 16.42 17.24 17.10 17.07
s%k (c-h) 26.75 28.00 27.80 25.67 27.46 27.89 27.88 27.69
S%0r (Lp1) 72.76 71.94 71.96 73.96 71.96 71.94 71.70 71.42
S%r (Lp2) 0.25 0.07 0.25 0.55 0.06 0.12 0.19 0.02
SY0r (Lp3) 0.27 0.00 0.00 0.18 0.56 0.06 0.05 0.90
CMO MO 23 (occ): MO 22 (occ): - - - - - MO 18 (occ):
E=-0.3728 a.u. E=-0.38361 a.u. E=-0.46381 a.u.

0.448*: BD(1)C;-C,
0.444*: BD(1)Cs-H1s
-0.316*: BD(1)C;-Hg
-0.286*: LP(2)F1s
0.285*: BD(1)C,-Hy7
-0.276*: LP(1)Ny,

0.483*: LP(3)F 5
0.476*: BD(1)C;-C,
0.421*: BD(1)Cs-H1,
-0.304*: BD(1)C;-Cs
-0.234*: LP(1)Ny3
0.232*: BD(1)Cs-Ny3

-0.465*: LP(2)F 15
0.387*: BD(L)Cs-H1o
-0.367*: BD(1)C3-C4
-0.293*: BD(1)Cs-Hi3
0.251*: BD(1)C,-Hs
-0.243*: LP(1)N;s
0.225* BD(1)Cs-Nis
0.224*: LP(3)F45
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Conclusions

Earlier theoretical studies have detected the Perlin effect for piperidine, i.e. *Jc.
Hax < Jcheq, particularly strong for 10 (A'Jc eqan = 9.8 Hz)." A weaker effect
(AlJC_H(eq_ax) = 3.4 Hz) was observed for 11 because of the gauche orientation of
the nitrogen lone pair relative to both vicinal methylene hydrogens, thus
avoiding an ny—c*c y interaction. However, hyperconjugation does not explain
the behavior of “Jc coupling constants in the titled compounds. Overall, we
studied a set of the theoretical Jc.r coupling constants for the 2-, 3- and 4-
fluoro-substituted piperidines, which differ in: (1) the fluorine atom distance
from nitrogen, (2) the nitrogen atom charge, (3) the orientations of the fluorine
atom and (in some cases) the hydrogen atom bound to the nitrogen (axial or

equatorial). The following general conclusions could be assessed:

(1) The relationship between 'Jc- and the scalar distance between fluorine and
nitrogen (neutral and ionized) is affected by inductive effect: scalar
approximation of positive nitrogen to fluorine increases ['Jc.g|, while distancing
the negative nitrogen from fluorine decreases |"Jc.¢. The effect of scalar distance
between neutral nitrogen and fluorine is weaker (|'Jc.¢ decreases modestly from

2-fluorpiperidine to 4-fluoropireridine).
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(2) The gauche interaction between F (axial) and N affects *Jc.¢, depending on
the nitrogen atom charge (|'Jc.f| decreases going from positive to negative
nitrogen), indicating the electrostatic effect on 'Jc.r. However, when neutral and
ionized nitrogen atoms are compared considering the pairs of axial and
equatorial isomers, electrostatic effects alone do not explain the trends in ‘Jc.,
suggesting that other effects (e.g. steric interactions and hyperconjugation) can

also contribute for *Jc.r.

(3) The analysis of the effect of axial and equatorial fluorine on *Jc.r
indicates the appearance of the fluorine Perlin-like effect (|"Jc.rax<["Jc Feql)
in all compounds, with a few exceptions (the pairs 1c/1d and 4c/4d).
Conformer 1d coincidently experiences the anomeric effect, whose origin
has been described as being due to hyperconjugation (ny — o*ce
interaction). However, there is no linear relationship between the angular
dependence of ny — o*ce and *Jcr in 1-(fluoromethyl)aziridine, but there
exists a linear correlation between its molecular dipole moment and *Jc.r.
This indicates that the titled effect is rather described by electrostatic
interactions in 2-fluoropiperidine. In 3-fluoropiperidine, which does not
experience the anomeric effect, the Y3k is shown to be affected by the

superposition of ny and ng electronic clouds, as in 4d.
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CONCLUSOES GERAIS
O fendmeno conhecido como efeito Perlin (*Jc.pax < 1Jc_Heq) tem sido atribuido a
interacOes dipolares entre a ligacdo C-H frente aos pares de elétrons ndo-ligantes
do oxigénio e a ligacdo polar C-O, e ndo a transferéncia eletronica no—>c*c .
No entanto em ditianos, por exemplo, o efeito Perlin reverso (*Jc.pax > 1JC_Heq)
foi atribuido a interagdo cc.s—>6*c.eq, julgada ser dominante sobre a interagéo
Ns—G6*c.ax. O chamado efeito Perlin reverso do 4tomo de fliror, em que [\
> |1JC_Feq|, ocorre em compostos heterociclicos de seis membros 2-flGor-
substituidos devido, principalmente, a interacdes dipolares envolvendo pares de
elétrons livres dos heterodtomos com o atomo de fltor. Embora efeitos de
deslocalizacdo eletronica (hiperconjugativos) sejam responsaveis por altas
estabilizacBes da ligacdo C-F na posicao axial, ndo foi encontrado dependéncia
angular entre esse efeito e a constante de acoplamento “Jc.r. A modificacdo na
posicdo do atomo de fldor em relacdo ao heterodtomo também afeta Y, sendo
as alteracBGes nessa constante de acoplamento decorrentes de uma mistura de
efeitos (indutivos, eletrostaticos, estéricos e hiperconjugativos). O estudo

realizado sobre os compostos presentes nesse trabalho sdo Uteis para o
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esclarecimento de importantes interacGes e propriedades que regem estruturas

biolégicas, como os carboidratos.



