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RESUMO

Estudos de acoplamento de longo alcance *Juz,ne foram realizados para 2-halo-cicloexanonas
e cicloexanotionas substituidas por (F, Cl e Br). Calculos de NBO e constantes de acoplamento
foram realizados com o objetivo de se avaliar o efeito do halogénio e do carater aceptor de
elétrons do orbital ©* sobre as referidas constantes de acoplamento. Os resultados apontaram
interacdes hiperconjugativas ocaoHz—m*ci=y € oceHe—n*ci=y (Y = O e S) para as formas
equatoriais dos compostos substituidos por F, Cl e Br, as quais provavelmente contribuem para
0 mecanismo de transmissdo de *Juz He. AS interacdes ccarz—m*c=se GceHe— T c=s SA0 Maiores
para 0s compostos tiocarbonilicos, porém os valores de *Juz,He S30 maiores para 0s COMpostos
carbonilicos. Isso acontece porque o termo contato de Fermi (FC), que é influenciado pelo
carater s e comprimentos de ligacdo entre os atomos envolvidos na via de acoplamento, para
0s compostos tiocarbonilicos sofre um decaimento maior do que para as cetonas, reduzindo o
valor de *Juzne. O efeito solvente implicito (DMSO e agua) nos valores da constante de
acoplamento foi insignificante quando comparado com a fase gasosa. Por outro lado, o efeito
do solvente explicito em “Ju2 16 foi mais sensivel para os compostos tiocarbonilicosdo que para
as ciclohexanonas.Os diferentes halogénios ndo afetam a magnitude de *Juz,ne. Também foram
efetuados estudos do efeito Perlin para 2-halo-cicloexanonas e cicloexanotionas substituidas
por (F, Cl e Br). O efeito Perlin € um fendmeno de RMN observado em anéis de seis membros
e é referido como!Jcmax<'Jc-neq Neste presente trabalho, a influéncia de halogénios (F, Cl e
Br) na posicdo 2 em ciclohexanonas e ciclohexanotionas é avaliada teoricamente nas constantes
de acoplamento C2 — H2 de uma liga¢do, ou seja, no efeito Perlin. Uma interacdo
hiperconjugativa importante (ntc=y—c*c-H, Y = O e S) operando nos sistemas estudados
parece desempenhar um papel significativo para o comportamento observado 1Jc nax<!Jc-teq.
Além disso, a contribuicdo de Lewis (J“*"*) domina o termo de Contato Fermi (J™), que
desempenha o papel principal para a constante de acoplamento C-H de uma ligacdo geral. Em
comparagdo com a fase gasosa, este comportamento foi considerado insensivel a solventes
implicitos (DMSO e agua).

Palavras-chave: Acoplamento de longo alcance. “Juz 6. Efeito Perlin. Hiperconjugagao.



ABSTRACT

Long-range coupling studies “Juznewere performed for 2-halo-cyclohexanones and
cyclohexanthiones substituted by (F, Cl and Br). NBO calculations and coupling constants were
performed with the objective of evaluating the effect of the halogen and electron acceptor
character of the m*orbital on the said coupling constants. The results pointed to
hyperconjugative interactions cceHz—n*ci=y and oceHe—m*c1=y (Y = O and S) for the
equatorial forms of the compounds replaced by F, Cl and Br, which probably contribute to the
mechanism of transmission of*Ju2,He. The interactions ocoHz—m*c1=y and cceHe—T*c1=y are
higher for thiocarbonyl compounds, but the values of *Juzneare higher for the carbonyl
compounds. This is because the term Fermi (FC), which is influenced by the character of
bonding lengths between the atoms involved in the coupling pathway, for thiocarbonyl
compounds undergoes a larger decay than for the ketones, reducing the value 0f*Juzne. The
implied solvent effect (DMSO and water) at the values of the coupling constant was
insignificant when compared to the gas phase. On the other hand, the effect of the explicit
solvent on 4Ju2,Hewas more sensitive for thiocarbonyl compounds than for cyclohexanones. The
different halogens do not affect the magnitude of “Juzne. Also performed were Perlin effect
studies for 2-halo-cyclohexanones and cyclohexanthiones substituted by (F, Cl and Br). The
Perlin effect is an NMR phenomenon observed in six-membered rings and is referred to as *Jc.
Hax < Jc-heq. In this work, the influence of halogens (F, Cl and Br) at position 2 in
cyclohexanones and cyclohexanthiones is theoretically evaluated in the C2 - H2 coupling
constants of a bond, i.e. in the Perlin effect. An important hyperconjugative interaction
(tc=y—0o*c-H, Y = O e S) operating in the systems studied seems to play a significant role for
the observed behavior of 'Jchax <!Jcheq. In addition, the contribution of Lewis (*Jiewis)
dominates the Fermi Contact term (*Jrc), which plays the leading role for the C-H coupling
constant of a general bond. In comparison with the gas phase, this behavior was considered
insensitive to implicit solvents (DMSO and water).

Keywords:Long-range coupling. *Juz,He. Perlin Effect. Hyperconjugation.
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PRIMEIRA PARTE

1 INTRODUCAO GERAL

O acoplamento spin-spin € a interacdo nuclear entre o spin nuclear de um atomo com o
spin nuclear de outro atomo por meio das ligagdes quimicas. E bem conhecida a constante de
acoplamento na quimica organica, uma vez que auxilia na elucidacdo de estruturas
(SILVERSTEIN; WEBSTER, 2000). Sdo quatro as contribuicdes que descrevem o valor
tedrico da constante de acoplamento indireta spin-spin: o termo diamagnético spin Orbita
(DSO), o paramagnético spin drbita (PSO), o spin dipolar (SD) e o termo de contato de Fermi
(FC) (DOS SANTOS, 2009; HELGAKER; JASZUNSKI; PECUL, 2008). Embora na maioria
dos casos o termo FC descreva quase que totalmente o valor da constante de acoplamento
envolvendo nicleos de 'H e °C, as outras contribuicdes ndo podem, a priori, serem
negligenciadas, o que aumenta a necessidade de maiores esfor¢os computacionais. Em segundo
lugar, os termos FC e SD envolvem perturbacdes em estado excitado tripleto, o que requer uma
descricdo flexivel da estrutura eletrénica molecular. E, finalmente, para que um calculo
descreva com preciséo o termo FC, é necessario descrever com preciséo a densidade eletrénica
préxima do nucleo atdbmico (elétrons nos orbitais s). Por estes motivos, o calculo de constante
de acoplamento para sistemas moleculares grandes apresenta-se com uma dificuldade para a
quimica computacional (DOS SANTOS, 2009; HELGAKER; MICHAL; RUUD, 1999;
RAMSEY, 1953).

O termo de contato de Fermi surge devido a polarizacdo de spin do sistema eletrénico
causado por um nucleo, que resulta de uma interagdo de transferéncia desta polarizagao de spin
para outro nucleo. Teoricamente o nucleo é tratado como pontos de carga e dipolos magnéticos,
o termo “contato”, surge principalmente devido a interagdo local do nucleo com o spin local
dos elétrons, que seriam, portanto, os pontos de carga. O restante da interacdo entre 0 spin
nuclear com o spin eletrdnico é um dipolo magnético que € descrito pelo operador spin-dipolar
(SD). O mecanismo orbital eletrdnico é dividido em uma contribuicdo paramagnética (PSO) e
diamagnética (DSO). Teoricamente eles podem ser distinguidos como dois operadores
independentes, entretanto apenas sua soma apresenta significado fisico. O mecanismo PSO,
tipicamente, apresenta valores pequenos, enquanto o mecanismo DSO € usualmente
negligenciado. E interessante ressaltar que experimentalmente o acoplamento J é soma de todos
estes mecanismos. E o acoplamento J é positivo ou negativo dependendo da influéncia relativa

de cada mecanismo e das razfes magnetogiricas de cada nucleo (DOS SANTOS, 2009).
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Nesse contexto, compostos carbonilicos séo de grande relevancia na Quimica Organica,
uma vez que o grupo C=0 possui forte reatividade e tem como caracteristica singular o forte
carater doador e aceptor de elétrons (COELHO; FREITAS; RAMALHO, 2008; RAUK, 2001).
Estudos ja realizados para as formas axial e equatorial da 2-bromocicloexanona, tendo como
intuito avaliar o acoplamento de longo alcance *Juz,16 € sua origem no conférmero equatorial,
apontaram que 0 mecanismo de transmissdo da constante de acoplamento *Juzne envolve
interagOes hiperconjugativas: ccaH2—m*c1=0 € oceHe—*c1=0 (COELHO et al., 2009). Apesar
de grande importancia, ainda ha pouca investigacdo sobre o grupo tiocarbonila (C=S), e os
relatos existentes sao limitados a descrever os niveis de orbitais e sua aplicacdo em sintese e a
grande reatividade desse grupo (ALLENMARK et al., 1984; COELHO; FREITAS;
RAMALHO, 2008).

Com este propdsito, objetivou-se avaliar o acoplamento de longo alcance *Juz s € seu
mecanismo de transmissdo nas formas axial e equatorial da 2-halocicloexanona e 2-
halocicloexanotiona, sendo X = F, Cl e Br. Com tambem, avaliar o efeito Perlin do solvente e
a interferéncia dos halogénios nas moléculas de 2-halocicloexanona e 2-halocicloexanotiona,
sendo X=F, Cl e Br. Para tanto, no primeiro artigo seré avaliado os mecanismos de transmissao
da constante de acoplamento *Ju2.1s em cicloexanonas e cicloexanotionas 2-halossubstituidas
(halo = F, Cl e Br) e, por conseguinte, obter informacéo a respeito da relacdo entre interacdes
hiperconjugativas e 0s grupos substituintes e carbonila/tiocarbonila. Os compostos descritos na
Figura 1 serdo estudados teoricamente neste primeiro artigo. No segundo artigo, sera avaliado
a influéncia de halogénios (F, Cl e Br) na posicdo 2 em cicloexanonas e cicloexanotionas nas
constantes de acoplamento *Jc; - iz de uma ligagéo, ou seja, a interferéncia de (F, Cl e Br) no
efeito Perlin que refere-se a0 menor valor da constante de acoplamento spin-spin 1Jc-raxia em
comparagdo com o correspondente ~Jc-neq €M anel de seis membros. Os compostos que seréo

estudados neste segundo artigo estdo representados na Figura 1 (SILLA et al., 2014).

Figura 1 — 2-Halo-cycloexanonas e 2-halo-cicloexanotionas teoricamente estudadas [1(Y
=0, X=F);2(Y=S5,X=F);3(Y=0,X=Cl); 4(Y=S,X=CI); 5(Y =0, X =
Br); 6(Y =S, X =Br)].
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2 REFERENCIAL TEORICO

2.1 Efeito Perlin

O efeito Perlin se refere a0 menor valor de constante de acoplamento spin-spin 1Jc-pax
em comparacdo com o valor correspondente de 1Jc-req €m anéis de 6 membros. Originalmente,
esse fenomeno foi atribuido ao fato de que as ligagdes C — Hax sdo mais longas que C — Heq,
devido a deslocalizacao eletronica preferencial envolvendo orbitais antiperiplanares portadores
de Hax em vez de Heq. Isso ocorre devido, a interagdo tco—oc*cr em derivados de cicloexano,
como na Figura 2, e a interagdo no — c*c - nax €m derivados de tetraidropirano, como agucares
piranosidicos. O efeito Perlin reverso corresponde a 1Jc-nax cOnstante de acoplamento spin-spin
maior que 1Jc-neq em alguns ditianos, devido a melhor transferéncia de elétrons 6cs — 6% c - Heq
do que ns — 6* ¢ _Hax JURIASTI, 2012; SILLA et al., 2014), foram observados o efeito Perlin
reverso nas constante de acoplamento Jcr do composto tetracetato de 2-fluér-a-p-
glucopiranosil, Figura 3 (SILLA et al., 2014).

Por causa da interpretagdo baseada na hiperconjugacdo, o efeito Perlin tem sido
frequentemente relacionado ao efeito anomérico, que € um conceito em quimica de carboidratos
e pode ser definido como a preferéncia de substituintes eletronegativos (X) ligados ao carbono
anomérico para ocupar uma orienta¢ao axial. (a-andémero) em vez da orientacdo equatorial
menos impedida (B-andmero) que seria esperada em consideracdes estéricas de uma
conformacao de cadeira (ELIEL, 1972; SILLA et al., 2014).

A relacdo entre os dois efeitos provém do fato de que a ligacdo C2-Hax € maior em
relacdo a ligacdo C, —Heq em tetraidropirano (THP), que seria a consequéncia da origem
hiperconjugativa do efeito anomérico (a interacdo Nno — ¢ *c - Hax €M THP ou no — ¢ * cx em
2-X-THP) (ALABUGIN, 2000; SILLA et al., 2014) e a causa de o efeito Perlin (}Jc-nax <!Jc-
Heg, J& que as ligacdes C — H mais longas dificultam a transmissdo do acoplamento). Vale
ressaltar que os efeitos estruturais nas ligagdes C - H ndo associadas a hiperconjugacao foram
relatados em heterociclos de seis membros (ALABUGIN; MANOHARAN; ZEIDAN,2003;
SILLA et al., 2014). Alem disso, os efeitos eletrostaticos também s&o operativos e foram
invocados para explicar ambos os efeitos (MO, 2010; SILLA et al., 2014).



18

Figura2 — Compostos com os respectivos valores de acoplamento para as formas axial e

equatorial.
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2.2 Efeito do solvente

Muitos equilibrios quimicos sdo modificados por uma mudanca no ambiente quimico
por isso o efeito do solvente desempenha um papel especial na quimica orgéanica. O efeito do
solvente no equilibrio conformacional € particularmente importante quando os conférmeros em
equilibrio tém diferentes momentos de dipolo, e é frequentemente racionalizado em termos da
interacdo intermolecular eletrostatica soluto-solvente (YARDAKUL; TANRIBUYU, 2013).
Problemas relativos aos fendbmenos que ocorrem em solugéo e a influéncia do solvente no
comportamento estrutural das moléculas de soluto sdo de interesse para a quimica, bioquimica
e fisica (BUISSONNEAUD; MOURIK; O'HAGAN, 2010; CRAMER; TRUHLAR, 1999;
YARDAKUL; TANRIBUYU, 2013).

O efeito do solvente é considerado fundamental para o desenho de farmacos na industria
farmacéutica, pois esse efeito afeta a liberacdo, transporte e degradacéo da droga no organismo
(TIWARY; MISHRA, 2009; YARDAKUL; TANRIBUYU, 2013). Efeitos do solvente sdo
usualmente tratados teoricamente em dois segmentos. O efeito do solvente explicito consiste

em incluir um determinado niimero de moléculas de solvente ao redor de moléculas de soluto.
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Ja no efeito do solvente implicito, a molécula de soluto é introduzida em uma cavidade cercada
por um meio de constante dielétrica (€), correspondente a do solvente que se deseja analisar
(YARDAKUL; TANRIBUYU, 2013).

O modelo PCM foi integrado com éxito nos estudos que evidenciam os efeitos de
moléculas de soluto no solvente. Segundo esse modelo, o efeito de polarizacéo é calculado por
integracdo numérica e a cavidade do soluto é definida como um conjunto de esferas unidas, em
que cada uma delas representa um atomo em particular (FORESMAN; FRISCH, 1996;
TOMASI; MENNUCCI; CAMMI, 2005; SILLA, 2013). Constantes de acoplamento indireta
spin-spin foram estudadas em um prot6tipo contra a doenca de chagas, para a avaliacdo de J
envolvendo o &tomo de N com o par de elétrons solitarios, a molécula foi estudada em diferentes
meios: gas, solvente d&gua de modo implicito (modelo PCM) e afim de se avaliar ligacGes de
hidrogénio foram usadas moléculas de 4gua explicita, uma vez que o modelo PCM néo descreve
realisticamente tais interagdes intermoleculares (RAMALHO; PEREIRA; THIEL, 2011).

2.3 Efeitos estereoeletrénicos

O efeito estérico é uma funcdo de tamanho e orientacdo de grupos, e pode ser
avaliado, por exemplo, comparando-se o volume atémico do hidrogénio (um grupo
substituinte padrdo com o menor volume atdmico) com o volume de outros grupos
substituintes. O efeito estérico também € usado para justificar a estabilidade
conformacional de moléculas; por exemplo, a conformacdo preferencial do
metilcicloexano €é a equatorial, em razdo da repulsdo estérica envolvendo o grupo metila
axial, Figura 4 (FREITAS; RAMALHO, 2013).

Figura 4 — Isomerismo conformacional do metilcicloexano.
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InteracOes estabilizantes entre orbitais em moléculas podem ser exibidos através da
hiperconjugacdo (ALABUGIN; GILMORE; PETERSON, 2011). Esse efeito descreve as
consequéncias da deslocalizacdo eletrénica e pode ser expressa como a diferenca entre uma

estrutura perfeitamente localizada, a de Lewis, e uma molécula real. Embora a interacao de
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orbitais-m, ou conjugacdo, tenha sido uma caracteristica tedrica proeminente na quimica
organica por um longo periodo de tempo, a importancia da deslocalizagdo de interacbes que
envolvam ligagdes o (ALABUGIN; GILMORE; PETERSON, 2011; DEWAR, 1962; REED;
CURTISS; WEINHOLD, 1988) ndo foi igualmente reconhecida, embora Mulliken tenha
publicado trabalhos pioneiros em 1940 sobre a hiperconjugacdo (ALABUGIN; GILMORE;
PETERSON, 2011; MULLIKEN, 1939; MULLIKEN; RIEKE; BROWN, 1941). Esta situacdo
tem mudado ndo somente porque as ligacdes-o sao muito mais comuns do que as ligacbes-x e,
assim, as interacfes hiperconjugativas tém apresentado aplicabilidades na quimica, mas
principalmente devido ao acumulo do significativo valor tedrico e experimental e evidéncias de
que estas interacdes levam a uma significativa mudanca na geometria, densidade de elétrons,
energia de orbitais moleculares, espectros no infravermelho, liga¢6es de pontos fortes (efeito
Bohhmanm) (ALABUGIN; GILMORE; PETERSON, 2011; BOHLMANN, 1957; WOLFE;
KIM, 1991) e propriedades de ressonancia magnética nuclear (ALABUGIN; GILMORE;
PETERSON, 2011; JUARISTI; CUEVAS, 2007).

Em muitos casos a hiperconjugacdo influencia em equilibrios conformacionais
(ALABUGIN; GILMORE; PETERSON, 2011; CRAMER; 1996;,GOODMAN; GU;
POPHRISTIC, 1999; GRACZYK; MIKOLAJCZYK, 1994; JUARISTI; CUEVAS, 1992; LU;
WEINHOLD; WEISHAAR, 1995; POPHRISTIC; GOODMAN; GUCHHAIT, 1997; REED;
WEINHOLD, 1991; ROMERS et al., 1969; UEHARA et al, 1999; ZEFIROV,
SCHECHTMAN, 1971), modifica a reatividade (ALABUGIN; GILMORE; PETERSON,
2011; BADDELEY, 1973; BORDEN, 1998; CHANG et al., 1987; DESLONGCHAMPS, 1975;
LAMBERT et al., 1999; MAIER, 2000; ROBERTS; STEEL, 1993; UM; CHUNG,; LEE, 1998;
WAGNER; SCHEVE, 1977) e determina a seletividade (BECHWITH; DUGGAN, 1998). A
hiperconjugac&o € definida como intera¢des do tipo c—n*, n—c* e 6—o*. Dado que os efeitos
acima mencionados descrevem o mesmo fenébmeno fundamental e sdo diferentes apenas dentro
do modelo o-m, a sua separa¢do tem um valor, sobretudo histérico. Para a interacdo estar se
estabilizando, o orbital de maior energia tem de ser parcialmente vazio (zero ou um elétron), e
0 de menor energia tem de estar pelo menos parcialmente cheio. O cenario mais comum,
corresponde a um dos dois elétrons da interacdo, onde o orbital de menor energia (uma ligacao
ou par solitario) que esta completamente cheio passa para o orbital antiligante vazio
(ALABUGIN; GILMORE; PETERSON, 2011). A hiperconjugacdo € comumente expressa
como uma contribuicdo de ressonancia, indicando que os elétrons das ligacBes ndo séo
localizados (Figura 5); assim como para o benzeno, guardadas as devidas proporgdes, a

ressonancia no etano também ¢é estabilizante. A interpretacdo de que interacdes
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hiperconjugativas dominam a estabilidade de forma alternada do etano também é estabilizante.
A interpretacdo de que as interagfes hiperconjugativas dominam a estabilidade da forma
alternada do etano tem sido contestada na literatura (BICKELHAUPT; BAERENDS, 2003;
FREITAS; RAMALHO, 2013; MO, GAO, 2007).

Figura5— Interacdo hiperconjugativa cCH—o*C-H no etano e estrutura de ressonancia
resultante dessa interacao.

A influéncia da interag@o hiperconjugativa, por exemplo do tipo n—c*, no acoplamento
1Jen tem sido amplamente estudada por varios autores (BADENHOOP; WEINHOLD, 1997,
CUEVAS; JUARISTI; VELA, 1999; JUARISTI; CUEVAS; VELA, 1994 MARTINEZ-
MAYORGA; JUARISTI; CUEVAS, 2004; SANTOS et al., 2007). Estudos realizados por
Cuevas, Juaristi e Vela (1999), com 1,3-ditianos e 1,3-dioxanos mostraram que as constantes
de acoplamento 1Jcn sdo muito sensiveis as orientacdes entre os pares de elétrons dos atomos
de enxofre e oxigénio e a ligacdo C-H, pois sdo observados dois valores para 0 acoplamento

1Jcn, um para o H na orientacio axial e outro para o H na equatorial.

2.4 Breve descricdo dos modelos de calculos tedricos

Os métodos da estrutura eletrénica empregam as leis da mecanica quantica ao invés das
leis da fisica classica como base para seus calculos. Os métodos da estrutura eletrdnica podem
ser semi-empiricos ou ab initio. Os métodos semi-empiricos usam parametros derivados de
dados experimentais para simplificar os célculos. Por outro lado, os métodos ab initio ndo
utilizam nenhum parametro experimental, apenas os valores de poucas constantes fisicas:
velocidade da luz, massa e carga do elétron e dos ndcleos e a constante de Planck
(FORESMAN; FRISCH, 1996; MARTINS, 2009). No caso de moléculas simples, os calculos
ab initio s&o os que tém sido mais utilizados e fornecem informaces a respeito das diferencas
de energia entre os conférmeros mais estaveis, 0s momentos de dipolo e as geometrias de cada
possivel conférmero no vacuo (FRISCH et al., 2009; MARTINS, 2009).

Dentre os métodos ab initio, 0 método Hartree-Fock (HF) produz um modelo razoavel

para um grande numero de sistemas moleculares. Porém, a teoria Hartree-Fock tem suas
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limitagdes; elas surgem principalmente do fato que esta teoria ndo inclui um tratamento dos
efeitos da correlacdo eletrbnica, ou seja, ndo levam em consideracdo as interagdes entre 0s
elétrons, pois os elétrons, em um sistema molecular, interagem entre si e tendem a se
permanecer afastados (MARTINS, 2009). Para suprir esta limitacdo, um grande numero de
métodos foi desenvolvido, os quais incluem alguns efeitos de correlacdo eletrdnica. Dentre eles,
podemos destacar o método MP2 (teoria de perturbacdo de segunda ordem Moller Plesset)
(M@ZLLER; PLESSET, 1934), o qual contabiliza as intera¢fes instantdneas dos pares de
elétrons com spins opostos (FORESMAN; FRISCH, 1996; MARTINS, 2009).

Portanto, calculos com teoria MP2 ou outros métodos que levam em consideracéo as
correlagdes eletronicas fornecem resultados mais precisos, principalmente em se tratando da
geometria molecular e energias, pois ha uma diferenca consideravel nas geometrias obtidas para
uma determinada molécula quando se faz uso da teoria HF e quando se utiliza a teoria MP2.
Porém, a teoria MP2 necessita de recursos computacionais mais sofisticados, pois seu célculo
é mais complexo. Atualmente, uma terceira classe de métodos da estrutura eletrbnica, 0s
métodos da teoria do funcional de densidade (DFT) tém sido amplamente empregados. Estes
métodos sdo similares aos métodos ab initio em muitos aspectos. O método DFT alcanca
melhor precisdo do que a teoria HF com somente um modesto aumento de custo (tempo de
processamento), porém menor do que 0 MP2. Os métodos DFT também incluem alguns dos
efeitos de correlacdo eletrbnica muito menos dispendiosos do que os métodos de correlacdo
tradicionais (MARTINS, 2009).

2.5 Dinamica molecular e dinamica quéantica

A simulacdo de dindmica molecular classica (DM) é uma das técnicas mais versateis
para 0 estudo de macromoléculas. No planejamento cientifico (fisico-quimico) de novas
estruturas, as simulaces de DM sdo fundamentais em diversos estgios do processo. A
metodologia da Dindmica Molecular Classica (DMC) e fundamentada nos principios de
Mecénica Classica e fornece informagGes sobre o comportamento dindmico microscépico,
dependente do tempo, dos atomos individuais que compde o sistema. Para se obter as
propriedades de interesse, € necessario aplicar a mecanica estatistica, a qual tem funcgéo de
calcular propriedades interessantes na quimica como: temperatura, pressao, volume, energia
interna, entropia, etc. A DMC ¢ calculada definindo um campo de for¢a pelo qual é possivel
calcular as forgas que atuam sobre cada atomo, calculando—se a primeira derivada da energia

potencial, obtida do campo de forca escolhido, em relagéo as posi¢des desses atomos (NAMBA,
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DA SILVA; DA SILVA, 2008). J& a simulacdo de dindmica molecular quéantica (DMQ)
envolve a convergéncia da funcdo de onda do sistema para cada passo da simulagcdo. A DMQ
apresenta vantagens significativas para estudos que envolvem estruturas e propriedades
eletronicas de sistemas moleculares complexos. Porém, uma das suas desvantagens € o elevado
custo computacional, quando comparado aos meétodos de dindmica molecular classicos
(MANCINI, 2014).

2.6 Ressonancia magnética nuclear

A espectrometria de ressonancia magnética nuclear (RMN) é basicamente uma outra
forma de espectroscopia de absorcdo, semelhante a espectrometria de infravermelho e a de
ultravioleta. Sob condi¢des apropriadas em um campo magnético, uma amostra pode absorver
radiacdo eletromagnética na regido de radiofrequéncias (rf) em uma frequéncia regida pelas
caracteristicas estruturais da amostra. A absorcdo é funcdo de determinados nucleos da
molécula. Um espectro de RMN é um registro grafico das frequéncias dos picos de absor¢do
contra suas intensidades. (SILVERSTEIN; WEBSTER, 2000).

O nucleo de *2C nao é magneticamente “ativo”(o numero de spin, I, € igual a zero). O
nucleo de *3C, porém, tem, como, o nticleo *H, nimero de spin igual a 1/2 . Como entretanto, a
abundancia natural de 3C ¢é s6 1,1% da de '?Ce sua sensibilidade apenas 1,6% da de H, a
sensibilidade total do niicleo de *3C, em comparagdo com H, é de cerca de 1/5.700.0s nuicleos
de 3C distribuem-se em uma faixa mais ampla em comparacio com os hidrogénios. Os nucleos
de 3C sfo muio menos abundantes e muito menos sensiveis do que os hidrogénios. Amostras
maiores e maiores tempos de irradiacdo sdo necessarios (SILVERSTEIN; WEBSTER, 2000).

Depois do carbono e hidrogénio, os nicleos mais importantes em compostos organicos
sd0 0 oxigénio e o nitrogénio. Para o quimico organico, a presenca de um desses elementos na
molécula significa a existéncia de *’grupos funcionais’’. 1’0 tem spin 5/2 e ndo é muito utilizado
em estudos de RMN, e 0 tem spin zero. O nitrogénio, por outro lado, tem dois is6topos
magneticamente ativos, *N e ®N. Ambos os is6topos tém sido alvo de estudos intensivos de
RMN. O RMN de °F tem enorme importancia historica. O fllior tem apenas is6topo natural, 0
k. A sensibilidade de '°Fé igual a cerca de 0,82 vez a sensibilidade de *H, e isso permitiu que
o desenvolvimento da RMN de °F ocorresse paralelamente ao da RMN de *H. Ja o silicio,
como o fluor, ndo ocorre naturalmente nos compostos organicos. Os compostos organicos que

contém silicio, entretanto, estdo sendo cada vez mais usados pelos quimicos organicos de
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sintese. O ndcleo 2°Si tem abundancia natural de 4,7% e é o Unico is6topo do silicio com
momento magnético diferente de zero.E, por fim, 3'P é Gnico isétopo natural do fosforo,
nuclideo tem spin % e razdo magnetogirica positiva (10.840) (SILVERSTEIN; WEBSTER,
2000).

2.7 Analise de acoplamento de J-naturais

A andlise de acoplamento J-natural (NJC) analisa a por¢do de contato Fermi
dacoplamento J. A abordagem baseia-se nos conceitos e formalismos dos métodos orbitais de
ligagdo natural (NBO). Contribuicdes de acoplamento computadorizados podem ser
classificadas como Lewis (contribui¢des orbitais individuais correspondentes a estrutura natural
de Lewis da molécula), deslocalizacdo (resultante de interacbes doadoras/aceitadoras
emparelhadas) e repolarizacdo residual (correspondendo a interagBes semelhantes a
correlacdo). O termo FC pode ser completamente avaliado atraves de céalculos de NJC, outro
aspecto interessante a considerar em relacdo ao termo FC € a contribuicdo de Lewis e de nédo-
Lewis para por exemplo 0 Y32, que foi decomposto nessas contribuicdes (Equacéo 2)
(WILKENS et al., 2001), com base em uma anélise NJC.

11FC __ A l7Lewis 17 non-Lewis
Ao =AY co-Hz A C2-H2 2

A contribuicdo de Lewis reflete o carater do orbital de acordo com um esquema baseado
em Lewis (isto é, considerando a ligacdo, par solitario ou orbital central), enquanto a parte nao-
Lewis esta relacionada a todos os efeitos de deslocaliza¢do ndo descritos no esquema de Lewis.
Em outras palavras, Lewis ou contribuicdes localizadas correspondem a interacdes estéricas,
enquanto as interacfes ndo-Lewis sdo aquelas derivadas de deslocalizacdes de densidade de
elétrons. Dentro do NBO-NJC, o termo ndo-Lewis é dividido em duas contribuicGes: aquelas
que correspondem a transferéncia da densidade eletrénica de um orbital doador para um
aceitador centrado em uma regido diferente da molécula, a chamada parte deslocalizada. Alem
disso, ha também transferéncia em torno do orbital centralizado na mesma regido de conexao,
chamada de contribuicdo de repolarizacdo, de acordo com a Equagdo 3 (WILKENS et al.,
2001).

11 non-Lewis __ A l7deloc 11 repol
A coHz2 =AY coHz +AY P C2-H2 (3
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Além disso, AL FWc, 1o e ALJ MONLeWiS., 1, podem ser decomposto em contribuicBes
individuais de diferentes NBOs, ocupados e desocupados, de acordo com as EquacOes 4 e 5
(WILKENS et al., 2001).

NI =50 A @

Al J |[1|(|J_?-Lewis — ziOcc innocc Airj]onfLewis (5)

2.8 Caréater s

O comprimento das ligacdes é diferente em funcdo do tipo de ligacdo. Os orbitais s,
também chamados de orbitais de carogo, estdo mais proximos do nucleo atdmico do que um
orbital p, 0 que permite que sua interagcdo com o nucleo seja consideravelmente maior quando
comparado a interagdo entre o ndcleo e os orbitais p. Sendo assim, quanto maior o carater s do
orbital hibrido, menor o comprimento da ligacdo, tendo em vista a proximidade entre o orbital
s e 0 nucleo. Assim, em ligagdes triplas, onde o atomo de carbono apresenta hibridizacao sp
(formado por porcentagens equivalentes de orbitais s e p) sdo mais curtas que as ligagdes duplas
(sp2: 33,3% +66, 7% p), que por sua vez, sao mais curtas que as ligacdes simples (25% de s
+75 % de p). Quanto maior o carater s de um orbital hibridizado, mais eletronegativo ele sera.
Desta forma, um orbital sp € mais eletronegativo do que sp2 e este mais eletronegativo do que
um orbital sp3 (SANTOS et al., 2007). Assim para o estudo do caréater s, € importante mencionar
que o termo FC é influenciado pela hibridizacdo dos carbonos que participam do caminho do
acoplamento (sendo que um menor carater s induz a um decaimento no valor de J), bem como
pelo comprimento das ligagcbes C-C e C-H envolvidas no caminho do acoplamento
(RUSAKOV; KRIVDIN,2013).
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ABSTRACT

Earlier studies with 2-bromocyclohexanone demonstrated a measurable long-range coupling
constant (*Juzne) for the equatorial conformer, while *Juzha and *Juane Were not observed;
as a consequence, it is inferred that the carbonyl group plays an important role particularly due
to hyperconjugative interactions cconz—m*c=0 and ccsHe—n*c=0. In the present study, NBO
analysis and coupling constant calculations were performed to cyclohexanone and
cyclohexanethione alpha substituted with F, Cl and Br, aiming to evaluate the halogen effect
and acceptor character of the «* orbital on the long-range coupling pathway. The ccoH2—m*c1=y
and ocene—7*c1=vy (Y = O e S) hyperconjugative interactions for the equatorial conformer
indeed contribute for the *Juzne transmission mechanism. Surprisingly, the “Juzne value is
higher for the carbonyl compounds, although the interactions ccaHz—n*c=y and cceHe—m*c=v
are more efficient for the thiocarbonyl compounds. Accordingly, the Fermi Contact (FC)
contribution for the thiocarbonyl compounds decays deeper than in ketones, thus reducing more
the “Jnz2He values. Moreover, both mc=s & o*c-x and mc=s — c*c.n interactions seem to be
stronger in thiocarbonyl than in carbonylic compounds. The implicit solvent effect (DMSO and
water) on the coupling constant values was negligible when compared to the gas phase. On the
other hand, an explicit solvent effect was found and “Juz,ne for the thiocarbonyl compounds
appeared to be more sensitive than for the cyclohexanones.

KEYWORDS

*Jrz.me, long-range, stereoelectronic effects, halogen, Fermi contact
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1 INTRODUCTION

Carbonyl compounds are of great relevance in Organic Chemistry, since the C=0 group
is highly reactive and has as singular characteristic owing to its strongly electron donor and
acceptor character.[*?l Some studies have shown that hyperconjugation plays an important role
in the stabilization of conformers containing the C=0 group.[>® The axial and equatorial
preferences for the substituent at position 2 in cyclohexanones has been attributed to classical
interactions, solvent effects and electron delocalization from a substituent lone pair and the
neighboring empty orbital n*c=0.>

It has been shown that 2-bromocyclohexanone experiences a long-range coupling
constant *Juz,1e in both the axial and equatorial conformers, whose transmission mechanism in
the equatorial conformer has been pointed out to be dependent on hyperconjugative
interactions: ccaHz—m*c1=o and cosHe—m*c1=0Y This spectroscopic result is, in fact, an
experimental evidence that hyperconjugative interactions contribute to the conformational
stabilization of 2-bromocyclohexanone as well as are strongly related to NMR parameters of 2-
halo-substituted cyclohexanones and cyclohexanethiones.

Recently, NMR techniques are the most widely used for the structural characterization
of the widest array of molecules, complexes and molecular aggregates.[*°! It should be kept in
mind, however, that it is difficult to confirm or establish assignments of NMR signals as well
as provide a basis for interpretation of their positions in the spectrum and their fine structure.
In this line, theoretical calculations based on density functional theory can provide a reliable
framework to predict spectroscopic parameters (chemical shifts and coupling constants,
generally involving *H and *3C) of organic or inorganic compounds with useful accuracy.*%-*2

Despite the importance of this topic in e.g. spectroscopy and organic synthesis, there are
only few NMR studies focused on the thiocarbonyl group (C=S), and the current efforts are
most interested in describing the orbital levels and their application in synthesis and the great
reactivity of this group.[% *31 Thus, theoretical studies have been performed in order to evaluate
the transmission mechanisms of the “Ju2ne coupling constant in 2-halosubstituted
cyclohexanones and cyclohexanethiones (halo = F, Cl and Br) and, therefore, information
regarding the effects of hyperconjugative interactions and substituents in compounds 1-6 of
Figure 1 on *Juz,16 can be provided. Spin-spin couplings in a molecule are also essential for the

implementation of Quantum Information Processing (QIP).[*4!
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2 COMPUTATIONAL METHODS

Geometry optimization for the compounds of Figure 1 was performed at the MP2/aug-
cc-pVTZI5 8 Jevel using the Gaussian 09 program.[*®) Hyperconjugative interactions were
evaluated by natural bond orbital (NBO)I*? at the B3LYP-aug-cc-pVTZ level 11628 20, 211
addition, natural J-coupling analysis was performed through the NJC method[?? implemented
within the NBO at the B3LYP-aug-cc-pVTZ level.[6-18.20.211 DFET calculations with the B3LYP
functional were also used to determine the coupling constants 3Juz 13, 2Jrz,ha, *Jha,He and *Jpz He.
The EPR-II1 basis set was employed for the H and F atoms and, for C, S, O, Br, ClI, the aug-cc-
pVTZ basis set was used. All calculations were performed for the gas phase and using an
implicit solution scheme (Polarizable Continuous Model - PCM©%) for DMSO and H-O.

An explicit solvation (water) environment was applied over the optimized structures,
using molecular dynamics simulations with the ADF program!?*l (reax extension), considering
400000 interactions and 300 water molecules. After the classical molecular dynamics, the last
conformation was selected and quantum dynamics calculations were performed using the
Gaussian09 program, at 298 K., because it is not a compound with biological activity.
Additionally, with the aim of exploring the relativistic effects, including scalar and spin-orbit,
for the compounds with bromine, relativistic DFT calculations were employed using the ADF

software.[24-25]

3 RESULTS AND DISCUSSION

NMR calculations for all compounds with bromine atoms (5a, 5e, 6a and 6e) were
carried out with and without the inclusion of relativistic effects. From our findings, a little
difference was observed in the coupling constant values without and with scalar relativistic
effects as well as spin-orbit coupling relativistic effects. For 5a, (AJ=|0.001| Hz and |0.015| Hz
for scalar and spin-orbit relativistic effects, respectively); 5e (AJ=|0.006| and |0.035| Hz for
scalar and spin-orbit relativistic effects, respectively), 6a (AJ=|0.028| and |0.028| Hz for scalar
and spin-orbit relativistic effects, respectively) and 6e (AJ=|0.045| and |0.025| Hz for scalar and
spin-orbit relativistic effect, respectively). Thus, in the current work, the relativistic effects are
not considered, whereas previous findings indicate that relativistic effects on the NMR
properties can be significant with the presence of bromine atoms in organic molecules.?®!

The antiperiplanar orientation for the H2-C-C-Hs dihedral angle in the equatorial

conformer (= 180°) is expected to yield higher values for 3Juzns When compared to the axial
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conformer (Hz-C-C-Hs ~ 60°), as formerly described by Karplus?-?°! (Table 1). However, four-
bond coupling constants is small or even unobserved in conformationally flexible compounds.
Indeed, the calculated *Juz,na and *Jua e long-range coupling constants were calculated to be
near zero, but the calculated “Ju2,1s coupling constants for 1-6 were within  1-2 Hz (Table 1).
This is reproduced experimentally for 2-bromocyclohexanonel®!, whose *Juz 1s is ca. 1.5 Hz and
the carbonyl group was indicated as the key pathway for the transmission of this coupling, by
means of relevant hyperconjugative interactionscco-H2—mn*c=0 and ccsHs—T*c=0.

For the cyclohexanones 1, 3 and 5, there is not strong dependence of oco-H2—m*c=0 and
GceHe— T c=0 Interactions with the halogen, neither of other electron delocalizations affecting
the occupancy of antibonding orbitals involved in the *JuzHe coupling pathway, namely no —
6*c1-c2 and no — o*c1.ce (Table 2). In addition, solvent changes do not affect these interactions
significantly. This behavior is consistent with the fact that, for the carbonyl compounds, *Juz,1s
is insensitive to halogen. For instance, consider the series C-X (X = F, Cl, Br and 1), where the
most labile bond is C-I. It is worth noting that the fragility of the C-I bond can determine the
great tendency of the o "¢ orbital to receive electron%-3 as well as to influence spectroscopic
properties more significantly than other halo-substituted compounds.¥ This is experimentally
corroborated by the rigid derivatives cis and trans-4-t-butyl-2-bromocyclohexanone, whose
*Jnz.me values are 0.9 and 1.2 Hz, respectively, either in CCls or CD3sCN solution.? It is
important to keep in mind that some hyperconjugative interactions are not indicated in Tables
2 and 5, because they are smaller than the threshold value.

The electronic interactions for the thiocarbonyl compounds 2eq, 4eq and 6eq are
stronger than for the corresponding carbonyl compounds 1leq, 3eq and 5eq (Table 2), because
of the strongest electron donor character of ns and better electron acceptor ability of the o*c1-
c2 and m*c=s orbitals. Surprisingly, smaller *Juz,1e vValues were obtained for the thiocarbonyl
compounds (ca. 2 Hz for the carbonyl and 1 Hz for the thiocarbonyl compounds), despite their
more efficient hyperconjugative interactions. This apparent contradiction is supported by the
Fermi (FC) contact term reported in Table 3, which can be used to rationalize the *Juz,16 values.
The other contribution from spin-dipolar (SD), paramagnetic spin-orbit (PSO) and diamagnetic
(DSO) do not vary significantly between carbonyl and thiocarbonyl compounds. It is worth
mentioning that the FC term is influenced by the hybridization of the carbons that are
participating in the coupling pathway (a lower s character - Table 4 - induces a decay in the J
value), as well as the bond lengths C-C and C-H involved in the coupling pathway.!*!

Interactions mc=y — 6*cx and mc=y — c*cH, Which are more effective in the thiocarbonyl
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compounds, affect the C1, C2 and C6 hybridizations, as well as the bond lengths C-C and C-H
(Table 5). Thus, the difference of ca. 1 Hz in *Juzne between carbonyl and thiocarbonyl
compounds is mirrored by the FC term.

In an explicit solvent model, which accounts for specific solute-solvent interactions
(such as hydrogen bonding), the 3Juz 13 values of Table 1 are of course larger for the equatorial
conformers, as predicted by the Karplus relationship.[?”-2 Similarly to that obtained in the gas
phase and implicit solvents, the long-range coupling constants “J are small and possibly
undetectable in explicit water solvent, unless the “Ju2,He. For cyclohexanones 1eq, 3eq and 5eq,
this coupling constant is about 2 Hz (Table 1), in agreement with the values obtained for the
gas phase and implicit solvent, where differences of only ca. 0.2-0.3 Hz were found. Thus,
“Jr2,16 appears to be insensitive to the halogen and solvent, as the above-mentioned interactions
GC2-H2—T*Cc=0, OCeHE—TT*c=0, No—6*c1-c2 and no—c*c1-ce Showed little dependence with the
substituent and medium. However, the cco-H2—7n*c=y and cceHe—*c=v interactions are higher
for cyclohexanethiones (2eq, 4eq and 6eq), since this class of compounds exhibits better
donor/acceptor character of the electronic orbitals, as previously described. The paradox of
showing smaller “Juz16 in spite of stronger electron delocalizations can be explained by the
Fermi contact (FC) term (Table 3), which is about 1 Hz smaller in the thiocarbonyl than in
the carbonyl compounds. It is worth remembering that the FC contribution varies with the bond
length and hybridization of the carbons involved in the coupling. The other terms, namely the
spin-dipolar (SD), paramagnetic spin-orbit (PSO) and diamagnetic (DSO), did not change
significantly (or even nothing) between carbonyl and thiocarbonyl compounds. It is important
to mention that the term FC is strongly influenced by the hybridization of the carbons that
participate in the coupling path: interactions nc=y—c*c.x and nc=y—oc*c-n (Table 5) are higher
for thiocarbonyl compounds and affect both the hybridization of the C1, C2 and C6 carbons
(Table 4) involved in the coupling, as well as the C-C and C-H bond lengths (Table 5). The
Fermi contact (FC) term is also the main transmission component of the long-range *Jew
coupling to cis-2-fluorophenol and cis-4-bromo-2-fluorophenol, the coupling rather than being
given by hydrogen bonds is attributed by FC.4

Considering the explicit solvation model, the cono—m*c1=y and cceHe—*c1=y Values
are higher for thiocarbonyls than carbonyls and these interactions destabilize the form C=S. It
is also important to keep in mind that thiocarbonyls (C=S) are more polarized than the
carbonyls, in aqueous medium. Thus, the tendency is that the group C = O with sp2

hybridization and a higher “s” character is preferential when compared to C*-O" the resonance
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hybrid (with sp3 hybridization and a lower “s” character) as well as C*-S"according to Figure
2a. On the other hand, the C*-S" resonance hybrid (Figure 2b) which has sp3 type hybridization

€c_ "
S

and a lower character is preferential in equilibrium. This feature is due to the fact that the
C = S bond is very unstable since the bond is formed at 2p for carbon and 3p for sulfur.
Consequently, the overlapping of the p-orbitals is poor and practically the bond behaves as a
dipole (C*-S°).% This explains why *Ju2, ve Was lower for thiocarbonyls than for carbonyls, a
lower s character leads to a lower *Juz, e Values considering the FC term. However, by
comparing the values of the implicit model (PCM) with the explicit (H20 molecules), there was
a small increase in the “Juz, ns values in some cases, once considered an approximation of the
solvation layer. The water molecules tend to interact with other solvent molecules and with the
solute. In the case of carbonyl group, the water will form hydrogen bonds with C = O and
consequently this form was more stabilized than C *- O". The C *-S resonance hybrid (preferred
at equilibrium, as shown in Figure 2b) is stabilized by water from the charge dispersion effect.

In order to shed some more light on the steric and electronic contributions for the J
coupling constant related to the Fermi contact, natural J-coupling (NJC) calculations were
performed. In fact, the natural bonding orbital (NBO) and natural J coupling (NJC) methods
allow the decomposition of the term FC into Lewis contributions and not Lewis, according to

Equation 1:

4] FCH,H =A%J LeWiSH,H 4] non—LewisH’H (Equation 1)

Lewis or localized contributions correspond to steric interactions, whereas non-Lewis
contributions are those derived from electron density delocalizations. Within the NBO-NJC,
the term non-Lewis is divided into two contributions: those that correspond to the relocation of
a donor's electronic density to an accepting orbital centered on a different region of the
molecule, so-called delocalized part, and these relocations between orbital centered in the same
binding region, called repolarization part, according to equation 2:

43 non-LewisH_H —A4] deIOCH-H 443 repoIH_H (Equation 2)

From the NJC results reported in Table 6, for the carbonyl compounds, “Jax~ *Jeq, and
Jiewis rules the Jec contribution of the axial form, 1ax, 3ax and 6ax. However, the equatorial
form for the carbonyl compounds, 1eq, 3eq and 5eq, Jnon-Lewis rules the Jrc contribution. Turning

to the tiocarbonyls compounds, “Jax>*Jeq, and Jiewis governs the Jec contribution of 2ax, 4ax
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and 6ax. However, for 2eq, 4eq and 6ed, Jnon-Lewis rules the Jrc contribution. The *J values are
larger for the carbonyls than for thiocarbonyls, as shown in Table 6.[2%]

2 CONCLUSIONS

From our theoretical results, both halogen and solvent do not affect significantly the
magnitude of the long-range coupling *Juz,1e, Which is more sensitive to the difference between
C=0 and C=S. Hyperconjugative interactions ocarz—n*c=y and ocene—n*c=y (Y = 0O and
S) appear to drive the “Ju2ne coupling constant. However, the interactions ccanz—mn*c=s and
oceHe— T c=s are stronger than the corresponding interactions for the carbonyl compounds,
whereas “Juzne is higher cyclohexanones than in cyclohexanethiones. This apparent
contradiction has its origin in the Fermi contact term, which is influenced by the s character and
bond lengths between atoms involved in the coupling pathway. In addition, the interaction
nc=y—0*c.-xic-H affects these parameters and it is lower for carbonyl compounds. Finally, the
water molecules described explicitly have established hydrogen bonding with O (= C), or even
with halogen (albeit less importantly). Once considered as an approximation of the solvation
layer, the water molecules tend to interact more with each other than with the solute, such that
the energies of the donor or acceptor orbitals of cyclohexanone and cyclohexanthione are little

affected by the influence of the solvent.
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TABLES

TABLE 1 Calculated values for long-range coupling constants (Hz) for 2-halo-cyclohexanones
and 2-halo-cyclohexanethiones. The data for the gas phase, DMSO, H.O (implicit solvent
model-PCM) and explicit H>O are separated by bars.

Compound 4JH2,He
lax 0.5/0.5/0.5/0.7
leq 1.7/1.7/11.7/1.7
2ax 0.3/0.3/0.3/0.4
2eq 0.8/0.8/0.8/0.7
3ax 0.7/0.7/0.7/1.0
3eq 1.9/1.9/1.9/2.1
4ax 0.4/0.7/0.7/0.4
4eq 0.8/1.0/1.0/1.2
5ax 0.9/0.9/0.9/0.9
5eq 2.22.2/2.212.4
6ax 0.6/0.6/0.6/0.4

6eq 0.9/1.2/1.2/0.5
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TABLE 2 Hyperconjugative interactions (kcal mol™) relevant for “Juzne. Theoretical data
(B3LYP/aug-cc-pVTZ) for the gas phase, DMSO, H-O (implicit solvent model-PCM) and H20O

(explicit solvent) are separated by bars.

Compound OCoH2— T ci=y  OCsHE—TT Cl=y Ny—c™*cic2 Ny—6™c1-ce
lax - - 21.8/21.8/21.8/21.0  20.6/20.6/20.6/19.5
leq 5.7/5.6/5.6/5.8 6.1/6.1/6.1/6.7 23.2/22.2/23.2/25.0  20.3/19.8/20.3/20.7
2ax - - 14.7/14.7/14.7/8.5 16.0/16.0/16.0/7.3
2eq 6.7/6.7/6.7/7.5 6.96.8/6.9/8.3 17.0/17.0/17.0/19.2 14.8/14.8/14.8/17.1
3ax - —/-1-/0.7 21.6/21.6/21.6/21.4  18.7/20.5/20.4/18.9
3eq 5.2/5.1/5.2/4.3 5.9/5.9/5.9/5.6 23.5/23.5/23.5/24.0  20.6/20.6/20.6/20.4
4dax - —/—1-/0.7 15.1/15.0/15.0/18.6  16.2/16.3/16.2/17.6
4eq 5.6/6.0/6.0/5.8 5.8/6.5/6.5/6.9 18.4/17.7/17.6/19.8  15.6/15.2/15.2/17.7
bax - - 21.4/21.4/21.4/21.8 20.5/20.5/18.7/20.1
5eq 5.2/5.2/5.2/5.0 5.9/5.9/5.9/5.8 23.2/23.2/23.2/23.1 20.7/20.7/20.7/20.5
6ax - - 15.1/15.1/15.1/17.9  13.2/13.3/16.1/18.7
6eq 5.9/5.9/5.9/5.7 6.3/6.3/6.3/6.5 17.6/17.6/17.6/20.4  15.3/15.3/15.3/18.0




TABLE 3 FC, DSO, PSO and SD contributions for *Juz,n6 (in Hz).
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Compound

FC

DSO

PSO

SD

lax
leq
2ax
2eq
3ax
3eq
4ax
deq
Sax
5eq
6ax

6eq

1.0/1.0/1.0/1.2
1.2/1.2/1.2/1.0
0.8/0.9/0.9/1.0
0.1/0.1/0.1/-0.1
1.2/1.2/1.2/1.4
1.2/1.2/1.2/1.3
0.9/0.9/0.9/1.0
0.1/0.1/0.2/0.3
1.2/1.2/1.3/1.2
1.2/1.2/1.2/1.3
1.0/1.0/1.0/0.8
0.2/0.2/0.2/0.4

-1.7/-1.1/-1.7/-0.3

1.7/1.7/1.7/-1.2

-1.7/-1.7/-1.7/2.4

2.0/2.0/2.0/2.4

-1.7/-1.7/-1.7/-1.5

1.8/1.8/1.8/2.6

-1.6/-1.6/-1.6/-1.4

2.2/2.2/2.2/2.3

-1.5/-1.5/-1.5/-1.4

2.1/2.1/2.1/2.8

-1.5/-1.6/-1.4/2.7

2.5/2.5/2.5/2.7

1.2/1.2/1.2/1.1

-1.2/-1.2/-1.2/-1.7

1.1/1.1/1.1/-1.7

-1.4/-1.4/-1.4/-1.7

1.2/1.2/1.2/1.0

-1.2/-1.2/-1.2/-1.9

1.1/1.1/1.1/0.9

-1.4/-1.4/-1.4/-1.5

1.2/1.2/1.2/1.0

-1.2/-1.2/-1.2/-1.8

1.1/1.2/1.0/-1.6

-1.4/-1.4/-1.4/-1.6

0.0/0.0/0.0/0.0
0.1/0.1/0.1/0.1
0.0/0.0/0.0/0.1
0.1/0.1/0.1/0.1
0.0/0.0/0.0/0.0
0.1/0.1/0.1/0.1
0.0/0.0/0.0/0.0
0.1/0.1/0.1/0.0
0.0/0.0/0.0/0.0
0.1/0.1/0.1/0.0
0.0/0.0/0.0/0.0
0.1/0.1/0.1/0.1
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TABLE 4 % s character for the C1, C2 and C6 atoms in gas phase, DMSO, H2O (implicit

solvent model-PCM) and H2O (explicit solvent) are separated by semicolons.

Compound

%0sci-c2

90Sc1-cs

90Sco-H2

90Sce-He

lax
leq
2ax
2eq
3ax
3eq
dax
4eq
5ax
5eq
6ax
6eq

26.9/26.9/26.9/26.7
27.2/27.2/27.2/126.5
31.3/31.3/31.3/29.0
31.6/31.6/31.6/28.8
32.7/32.7/32.7/32.9
32.9/32.9/32.9/32.7
32.3/32.3/32.3/31.9
32.5/32.5/32.5/31.6
33.1/32.7/33.0/32.9
32.9/32.9/32.9/33.1
32.7/32.7/32.3/31.7
32.5/32.8/32.5/31.8

35.8/35;8/35.8/35.4
35.5/35.5/35.5/35.1
34.8/34.6/34.6/34.2
28.2/28.2/28.2/35.0
22.3/22.3/22.3/25.8
25.9/25.9/25.9/25.6
28.6/28.6/28.6/27.7
28.6/28.4/28.4/28.3
26.1/26.0/26.1/25.6
26.0/26.0/26.0/25.6
28.6/28.6/28.6/27.6
28.6/28.4/28.4/27.5

25.3/25.3/25.3/25.1
23.7/23.7/23.7/22.1
24.4/24.5/24.5/24.4
22.7/22.7/22.7/20.9
25.3/25.3/25.3/26.9
23.6/23.6/23.6/24.5
24.6/24.6/24.6/27.7
22.5/22.9/22.9/22.2
25.5/25.3/25.5/25.9
23.9/23.9/23.6/25.7
24.9/24.9/24.6/24.4
22.5/23.2/22.9/25.1

24.1/24.1/24.1/26.0
23.9/22.2/22.2/22.8
21.3/21.7/27.7/25.5
21.5/21.5/21.5/22.1
23.8/23.8/23.8/22.0
22.3/22.3/22.3/121.4
23.0/23.0/23.0/21.1
21.4/21.6/21.6/19.3
23.7/23.7/23.7/23.6
22.3/22.3/22.3/22.6
21.5/21.5/21.5/23.0
21.4/21.6/21.6/21.9
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TABLE 5 Hyperconjugative interactions involving the nc=y orbital (kcal mol™), gas phase, DMSO, H>O (implicit solvent model-PCM) and H20 (explicit
solvent) are separated by semicolons and C-C and C-H (A) bond distances, in the gas phase and explicit solvent (H.O) are separated by semicolons.

Compound Tc=y—06*c-x TC=Y—G*C-H2 TC=Yy—G*C-Heé Ci1-C2 C1-C6 C2-H2 C6-H6
lax 2.8/2.8/2.8/2.4 - - 1.528/1.522 1.508/1.511 1.099/1.110 1.099/1.063
leq — 1.5/1.5/1.5/1.6 1.6/1.6/1.6/1.5 1.524/1.533 1.513/1.510 1.104/1.140 1.104/1.100
2ax 4.8/4.8/4.8/1.6 — — 1.518/1.515 1.499/1.505 1.094/1.116 1.099/1.059
2eq - 2.6/2.6/2.6/2.7 2.712.712.7/2.4 1.511/1.529 1.509/1.505 1.105/1.145 1.106/1.111
3ax 5.8/5.8/5.8/2.3 — — 1.529/1.538 1.511/1.518 1.097/1.130 1.099/1.125
3eq - 1.6/1.6/1.6/- 1.5/1.5/1.5/- 1.529/1.534 1.516/1.453 1.102/1.095 1.105/1.129
dax 5.8/5.8/5.8/3.8 —I-1-10.7 — 1.515/1.531 1.506/1.507 1.097/1.142 1.099/1.137
4eq — 2.8/2.8/2.8/2.3 2.9/2.9/2.9/2.9 1.520/1.532 1.516/1.520 1.104/1.106 1.099/1.123
bax 3.5/3.5/3.5/3.1 — — 1.529/1.527 1.511/1.512 1.098/1.098 1.099/1.148
5eq — 1.6/1.6/1.6/1.3 1.6/1.6/1.6/1.6 1.528/1.528 1.517/1.516 1.102/1.102 1.105/1.100
6ax 6.3/6.3/6.3/2.1 — — 1.512/1.527 1.507/1.512 1.097/1.098 1.099/1.100
6eq — 2.9/2.6/2.6/2.3 2.9/2.6/2.6/2.7 1.519/1.528 1.517/1.516 1.104/1.102 1.107/1.105
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TABLE 6 NJC calculations (in Hz) for *Ju21e. Theoretical data (B3LYP/aug-cc-pVTZ) for the

gas phase.

Compoud JLewis JRepol. Jeloc. Jrc
lax 0.65 0.07 0.28 1.0
leq 0.02 0.02 1.16 1.2
2ax 0.53 0.01 0.26 0.8
2eq -4.99 1.54 3.55 0.1
3ax 0.9 -0.02 0.32 1.2
3eq 0.08 0.01 1.11 1.2
4ax 0.51 0.08 0.31 0.9
4eq -0.97 0.04 1.03 0.1
5ax 0.96 -0.01 0.67 1.2
5eq 0.09 0.03 1.08 1.2
6ax 0.74 0.07 0.19 1.0
6eq -0.03 -0.02 0.25 0.2




47

FIGURES

Hy He
H,' X Hj
FIGURE 1 2-Halo-cyclohexanones and 2-halo-cyclohexanthiones theoretically studied (1

Y=0,X=F;22Y=5X=F3:Y=0,X=Cl;4:Y=5,X=Cl;5:Y=0,X=Br;6:Y =S5,
X =Br).
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=y ~—— >+:Y*

d
FIGURE 2 Resonance structure for the carbonyl (Y = O) and thiocarbonyl (Y = S) groups.

Structure "b" contributes more for the resonance hybrid in the thiocarbonyl than in the carbonyl

group.
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TABLE S1 Calculated values for long-range coupling constants (Hz) for 2-halo-cyclohexanones and 2-halo-cyclohexanethiones. The data for the

gas phase, DMSO, H20 (implicit solvent model-PCM) and explicit H>O are separated by stripes.

Compound 3Jh2,H3 *JhzH4 *Jhiz,Ha *JhizHe: *JH4.He
lax 3.6/3.6/3.6/3.7 -0.2/-0.2/-0.2/-0.2 -0.9/-0.9/-0.9/-0.8 -0.6/-0.6/-0.6/-0.5 0.6/0.6/0.6/0.6
leq 9.0/9.0/9.0/9.9 0.4/0.4/0.4/0.4 -0.7/-0.7/-0.7/-0.7 -0.6/-0.6/-0.6/-0.4 0.3/0.3/0.3/0.4
2ax 3.9/3.9/3.9/3.6 -0.3/-0.3/-0.3/-0.2 -0.8/-0.8/-0.8/-0.7 -0.7/-0.7/-0.7/-0.6 0.7/0.7/0.7/-0.4
2eq 8.3/8.3/8.3/9.6 0.4/0.4/0.4/0.4 -0.7/-0.7/-0.7/-0.7 -0.6/-0.6/-0.6/-0.6 0.3/0.3/0.3/-0.5
3ax 2.6/2.6/2.6/4.0 0.2/0.2/0.2/1.5 -0.9/-0.9/-0.9/-0.7 -0.7/-0.7/-0.7/-0.2 0.7/0.7/0.7/-0.2
3eq 9.7/9.7/9.7/9.6 -0.5/-0.5/0.5/0.7 -0.5-0.5/-0.5/-0.7 -0.3/-0.3/-0.3/0.2 0.3/0.3/0.3/-0.2
dax 2.9/0.1/0.1/0.4 0.1/0.3/0.3/2.0 -0.9/-0.9/-0.9/-0.9 -0.7/-0.7/-0.7/-0.7 0.7/0.7/0.7/0.7
4eq 9.1/9.1/9.1/8.3 0.5/0.5/0.5/0.5 -0.5/-0.5/-0.5/-0.5 -0.4/-0.4/-0.4/-0.3 0.4/0.3/0.3/-0.2
5ax 2.8/2.7/2.8/2.9 0.4/0.4/0.4/0.4 -0.9/-0.9/-0.9/-0.9 -0.6/-0.6/-0.6/-0.7 0.8/0.8/0.8/0.8
5eq 10.1/10.1/10.1/9,8 0.7/0.7/0.7/0.9 -0.3/-0.3/-0.3/-0.2 -0.1/-0.1/-0.1/-0.1 0.4/0.4/0.4/0.5
6ax 2.8/3.4/3.4/2.9 0.5/0.5/0.5/0.5 -0.8/-0.8/-0.8/-0.9 -0.7/-0.7/-0.7/-0.8 0.8/0.8/0.8/1.0
6eq 9.4/9.4/9.4/9.3 0.8/0.8/0.8/0.9 -0.3/-0.3/-0.3/-0.2 -0.2/-0.2/-0.2/-0.2 0.4/0.4/0.4/-0.4
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TABLE S2 Hyperconjugative interactions (kcal mol™?) relevant for 4Juzme. Theoretical data
(B3LYP/aug-cc-pVTZ) for the gas phase, DMSO, H-O (implicit solvent model-PCM) and H20O

(explicit solvent) are separated by stripes.

Compound Gc2Hz—>G™C1cs GceHE—0"C1C2 G coHz—>G™c3-ca G C6H6—0*C4-C5
lax 3.4/3.4/3.4/3.4 —/—1-/3.5 2.712.7/2.7/12.6 2.6/2.6/2.6/2.5
leq - 3.8/3.6/3.8/ - - 2.6/2.8/2.6/ —
2ax 4.1/4.1/4.1/2.1 4.714.714.7/2.2 2.712.7/2.7/1.3 2.6/2.6/2.6/1.2
2eq 2.2] —I-— 4.2/4.2/4.2] - - 2.6/2.6/2.6/ —
3ax 4.0/4.0/4.0/3.3 —/—1-14.5 2.9/2.9/2.9/2.0 2.6/4.4/2.6/2.7
3eq - 4.1/4.1/14.1] - - -
dax 4.7/4.7/4.7/4.0 4.9/ -/4.9/5.5 2.9/2.9/2.9/1.9 2.6/2.6/2.6/2.8
deq - 4.2/4.3/4.3] - - 2.7/2.6/2.6/ —
5ax 4.2/4.2/4.2/4.2 4.4/4.4/4.4/4.5 3.0/3.0/3.0/3.0 2.712.712.712.7
5eq - 4.1/4.1/4.1/ - - -
6ax 4.9/4.9/4.9/- 4.9/4.9/4.9/5.3 3.0/3.0/3.0/2.9 2.6/2.8/2.6/2.7

6eq

2.6/2.6/2.6/-




TABLE S3 X, Y and Z coordinates for 1ax in the gas.
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Atom X Y Z
C 0.90735300 0.92188700 -0.89085900
C -0.45971500 1.06134400 -0.22821400
C -1.08986500 -0.32171700 -0.06747800
C -0.26271200 -1.29585200 0.73316100
C 1.11398100 -1.43132700 0.03143500
C 1.79705100 -0.06337500 -0.11511700
H -1.14060000 1.73394300 -0.76838200
H 0.73917500 0.55487800 -1.91980500
H 1.37125700 1.91855700 -0.96717100
H -0.11105600 -0.89046700 1.74781400
H -0.78978500 -2.25838300 0.79712400
H 1.74730300 -2.12077900 0.61185100
H 0.96540500 -1.88148100 -0.96638400
H 2.75879300 -0.17704700 -0.64058900
O -2.13167800 -0.61303700 -0.65972000
F -0.28231400 1.60567500 1.08016600
H 2.01720000 0.34823500 0.88423900




TABLE S4 X, Y, Z coordinates for 1eq in the gas.
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Atom X Y Z
C -0.19208400 -1.45623400 -0.31611000
C 0.80609700 -0.55566100 0.41343300
C 0.51959700 0.90645200 0.09154300
C -0.89151200 1.33617900 0.42982300
C -1.89960600 0.41165800 -0.29193600
C -1.63100200 -1.05930200 0.05437300
H 0.73844200 -0.70246600 1.50538900
H -0.03576400 -1.34059000 -1.40303400
H 0.01494000 -2.50435500 -0.04963200
H -1.03423400 1.24155300 1.52136800
H -1.01790500 2.39101000 0.14583800
H -2.92365000 0.69808900 -0.00493600
H -1.81029900 0.55800900 -1.38288900
H -2.33726100 -1.71259800 -0.48218100
O 1.35294200 1.63532100 -0.44663300
F 2.12293100 -0.88761800 0.03348800
H -1.79312100 -1.22120600 1.13499000
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Atom X Y Z
C -0.78156500 0.03405600 0.20679900
C 0.10042400 -1.14716300 -0.14880000
C 1.25098400 -0.67519000 -1.03757500
C 2.02803600 0.47027600 -0.37032400
C 1.09387200 1.62760500 0.00843600
C -0.05565100 1.13532900 0.92802700
H 1.90289500 -1.53682200 -1.25598100
H -0.48062000 -1.96282700 -0.60103600
H 2.81335300 0.82673700 -1.05651700
H 1.65123200 2.42340800 0.52862600
H 0.65301400 2.06965800 -0.90309300
H 0.38303000 0.73082300 1.85749500
H -0.74771400 1.95146800 1.17983300
H 0.81243400 -0.33749300 -1.99357400
S -2.32643600 0.12858900 -0.33746600
F 0.65404600 -1.66500200 1.06544500
H 2.53233500 0.09316200 0.53531500
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Atom X Y Z
C -1.68803400 -1.24496300 -0.27619400
C -0.45364400 -1.43384300 0.63936900
C 0.58315800 -0.39622000 0.28546200
C 0.05860100 1.00985300 0.46264200
C -1.15632300 1.22168300 -0.44728900
C -2.24299100 0.17840900 -0.14265400
H -0.76571800 -1.28630000 1.69033300
H -0.02446800 -2.44072200 0.53593300
H -1.38984800 -1.43648900 -1.32228200
H -2.45349600 -1.99015300 -0.00632500
H -0.21853400 1.15794000 1.52169900
H -1.53184600 2.24596600 -0.29521600
H -0.81787600 1.12812900 -1.49416000
H -3.09114300 0.32569600 -0.83049300
S 2.06193500 -0.74332300 -0.33091700
F 1.03573600 1.98318900 0.16493500
H -2.62426900 0.33088400 0.88275700
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X Y 4
C -1.98674100 -0.43722500 -0.40605800
C -1.15200600 0.75665500 -0.92762800
C -0.17461900 1.19057100 0.13987300
C 0.71210100 0.08734200 0.71934800
C -0.11925700 -1.12432000 1.14865600
C -1.07649300 -1.58890600 0.04311500
H -0.58054500 0.43487700 -1.81514800
H -1.78227700 1.61512600 -1.20091800
H -2.60763000 -0.10285500 0.44433700
H -2.67274600 -0.77033100 -1.20097500
H 1.31787500 0.49833700 1.53758400
H 0.55746500 -1.93176800 1.47124800
H -0.70247800 -0.80871600 2.03404000
H -1.68460100 -2.42712800 0.41967900
@) -0.11531300 2.33550100 0.59393000
H -0.49834700 -1.96469800 -0.81834600
Cl 1.90340400 -0.38420900 -0.58392900
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X Y 4
C 2.29618600 -0.00679100 -0.29229700
C 1.53648700 1.12421300 0.43779300
C 0.06261200 1.05668200 0.09114800
C -0.56230900 -0.29864300 0.42346400
C 0.19527400 -1.41520500 -0.31374500
C 1.68850500 -1.37303600 0.04860900
H 1.64574300 0.98678400 1.52850600
H 1.91465100 2.12005500 0.16443400
H 2.24030300 0.16270800 -1.38214600
H 3.35975100 0.02961000 -0.00816500
H -0.49875300 -0.45314400 1.51311400
H -0.25144000 -2.38481700 -0.04444400
H 0.06389400 -1.27161500 -1.40069800
H 2.21397700 -2.17256700 -0.49826600
@) -0.54984700 1.97503900 -0.44986900
H 1.81319300 -1.57703400 1.12712700
Cl -2.31782800 -0.33903600 0.01350900
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X Y 4
C 0.55466600 -2.03783900 -0.40952000
C -0.38282800 -1.03324700 -1.12536100
C -0.88632700 -0.03227600 -0.11946800
C 0.19222500 0.70782400 0.64561700
C 1.16993100 -0.27978400 1.29489100
C 1.70750600 -1.30644900 0.29034600
H 0.19566400 -0.50059500 -1.90128000
H -1.23067100 -1.54385500 -1.60383000
H -0.03228400 -2.60901900 0.33207300
H 0.94054600 -2.75589500 -1.15116500
H -0.25103200 1.39317600 1.37921400
H 1.98297100 0.28635300 1.77742500
H 0.60525000 -0.79770500 2.09253400
H 2.35028700 -2.02884400 0.81929400
@) -2.46866500 0.17140000 0.26924400
H 2.33571700 -0.79822000 -0.46102900
Cl 1.08653800 1.79428400 -0.53236300
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Atom X Y Z
C 2.37247600 0.28314800 -0.23040800
C 1.41519500 1.07301600 0.69434000
C -0.01229600 0.78427800 0.28693500
C -0.33082000 - 0.69156500 0.43477800
C 0.59588900 -1.49927600 -0.49505800
C 2.06830900 -1.21713100 -0.15933800
H 1.56841100 0.73559200 1.73641300
H 1.60655800 2.15411200 0.63900500
H 2.24678600 0.64512000 -1.26638200
H 3.41307400 0.48676200 0.06966700
H -0.15769700 -0.98455500 1.48384700
H 0.36285000 -2.56951400 -0.38085100
H 0.37477900 -1.20970200 -1.53750400
H 2.71057400 -1.77354000 -0.86155700
S -1.00968000 1.91694900 -0.35111700
H 2.29106000 -1.59192200 0.85550500
Cl -2.05376700 -1.11519800 0.09954300
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Atom X Y Z
C -2.30455800 -0.67473100 - 0.58215700
C -1.56884000 0.61406300 -1.01574800
C -0.80090700 1.18762400 0.15393000
C 0.10666700 0.21639900 0.90452700
C -0.60487700 -1.09810700 1.23299700
C -1.32254600 -1.69220300 0.01489700
H -0.84849200 0.36480400 -1.81402700
H -2.26099800 1.38156300 -1.39106800
H -3.07439600 -0.42042200 0.16812400
H -2.82603500 -1.10168400 -1.45348900
H 0.51964100 0.71324800 1.79224500
H 0.11694500 -1.80714400 1.66881400
H -1.34881200 -0.86286700 2.01787900
H -1.86037100 -2.60405600 0.32080900
@) -0.92189800 2.35091700 0.54614700
Br 1.67172100 -0.10859300 -0.26231000
H -0.58216300 -1.98829000 -0.74829800




TABLE S12 X, Y and Z coordinates for 5eq in the gas.
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Atom X Y Z
C 2.82454000 -0.12811500 -0.29772300
C 2.14671500 1.05323000 0.43275300
C 0.66911400 1.08751700 0.09324200
C -0.04186400 -0.22241000 0.42953100
C 0.63361900 -1.39111300 -0.30769000
C 2.12771800 -1.44896000 0.05004900
H 2.25053100 0.91101500 1.52340300
H 2.59078100 2.02041800 0.15545700
H 2.77483000 0.04202700 -1.38781000
H 3.88961500 -0.16259700 -0.01886500
H 0.01066500 -0.37968900 1.51922500
H 0.12472200 -2.32831100 -0.03420400
H 0.50957800 -1.24457800 -1.39516100
H 2.59582100 -2.28439500 -0.49554100
@) 0.12265600 2.04957200 -0.44267200
B/r -1.94651000 -0.14327600 0.00413500
H 2.24100000 -1.65671800 1.12917600
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Atom X Y Z
C -1.39022700 -1.95272800 -0.57522900
C -1.29620100 -0.53431900 -1.18877300
C -1.07821600 0.47141800 -0.08799500
C 0.09918600 0.19483300 0.81925200
C 0.06587900 -1.24106100 1.35685900
C -0.13516000 -2.27702500 0.24505800
H -0.43082800 -0.50287200 -1.87501000
H -2.20333000 -0.27821300 -1.75455700
H -2.28438600 -2.00599100 0.07162800
H -1.52592300 -2.68431400 -1.38822200
H 0.15735900 0.93920300 1.62351500
H 0.98396600 -1.43304700 1.93509900
H -0.78586100 -1.28570200 2.06196700
H -0.22294100 -3.27932700 0.69509200
S -2.10011800 1.71739400 0.23407200
Br 1.75925400 0.49645000 -0.23181500
H 0.74837700 -2.29052600 -0.41617700
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Atom X Y Z
C 2.83321300 -0.36304600 -0.21192900
C 2.14919600 0.67243700 0.71026000
C 0.70269600 0.83532600 0.28420000
C -0.04975500 -0.47687000 0.41826200
C 0.60096100 -1.52268800 -0.50951100
C 2.08739900 -1.70162000 -0.16152800
H 2.18254000 0.30011000 1.75217100
H 2.65726300 1.64658300 0.66667900
H 2.83281600 0.02917200 -1.24473100
H 3.88540000 -0.48920700 0.09289900
H 0.01760700 -0.81623900 1.46635500
H 0.05493800 -2.47443000 -0.41300400
H 0.48631600 -1.17404300 -1.55124700
H 2.54130700 -2.42322000 -0.86145700
S 0.11458200 2.22280900 -0.35643000
Br -1.96028900 -0.36257500 0.05042700
H 2.17633700 -2.13477500 0.85175500
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ABSTRACT
The Perlin effect is an NMR phenomenon observed in six-membered rings and it is referred to
astJc nax<tJc-meq. In the present work, the influence of halogens (F, Cl and Br) at position 2 in
cyclohexanones and cyclohexanethiones is theoretically evaluated on the one-bond C2—H2
coupling constants, i.e. on the Perlin effect. An important hyperconjugative interaction
(tc=y—o*c-H, Y = O and S) operating in the studied systems seems to play a significant role
for the observed *Jc-nax<Jc-neq behavior. In addition, the Lewis contribution (J“¢") dominates
the Fermi Contact term (J7€), which plays the major role for the overall one-bond C—H coupling
constant. Compared to the gas phase, this behavior was found to be insensitive to implicit

solvents (DMSO and water).
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1. Introduction

The Perlin effect refers to as maller spin-spin coupling constant value *Jc-nax compared
to the corresponding 1Jc-neq in Six-membered rings, which can be useful to provide information
on the stereochemistry and stereoelectronic interactions in alicyclic compounds [1,2]. This
phenomenon has been originally attributed to the fact that C-Hax bounds are longer than C-Heg,
due to ocH —6 *c-Hax hyperconjugative interactions in cyclohexane derivatives and to no —
o0*c-Hax INteractions in tetrahydropyran derivatives, such as pyranoside sugars. The opposite
effect, i.e.}Jc-Hax> Jc-Heq, is Observed for some dithianes and it is referred to as the reverse Perlin
effect; this effect has been attributed to a better electron transfer ocs —6*c-Heq COMpared to ns—
o*c-Hax [3].

Because of the hyperconjugative nature of the Perlin effect, it is often related to the well-
known anomeric effect, which is a concept used in carbohydrate chemistry to explain the axial
preference of electronegative substituents at the anomeric carbon (a-anomer) instead of the less
sterically hindered equatorial orientation (f-anomer) in a pyranoside ring [3].The cause and
consequence of the Perlin and anomeric effects, respectively, lie in the fact C2-Hax bond is
longer and weaker than C2-Heq in tetranydropyran (THP); the longer C2-Hax bond would be due
to a Nno — 6*c-Hax Interaction, decreasing the electronic occupancy in the corresponding C—H
orbital and then disfavoring the coupling transmission. Dipolar effects have also been reported
as driving interactions of the Perlin effect and of a related phenomenon observed in
organofluorine compounds [4-7]. The carbonyl group effect on the *Jcz-+ coupling constant in
cyclohexanone derivatives has also demonstrated the role of electrostatic interactions on this
NMR parameter [8]. Additional arguments based on induced current densities have also
appeared recently to explain the Perlin effect [9].

In 1969, Perlin and Casu [1]observed an approximate 10 Hz difference in the YJc.n

coupling constants at the anomeric centers of anomeric glycoside pairs. In the case of D-glucose,
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the anomer o, which contains an equatorial hydrogen in C1, exhibited the highest coupling
constant value. The C1-H equatorial bond on a pyranose ring is shorter and stronger than
theaxial C1-H bond. Since the Fermi contact term is the main contribution to the coupling
between directly connected cores, it is not surprising that the magnitude of *Jc.u coupling
constants relates inversely with the C-H bond length. However, this behavior has not been
profoundly studied in cyclohexanone rings, thus motivating a theoretical analysis of the one-
bond coupling constants in 2-haloketones, that is a wide-currency moiety in many compounds
of chemical and biological interest [10,11].

In addition, because hyperconjugation possibly plays an important role on the Perlin
effect, as well as the = system as electron-donating group in stereoelectronic interactions, the
influence of a thiocarbony! group on the vicinal one-bond C-H coupling constant of halogenated
derivatives may be useful to be analyzed. It is well known that the magnitude of a one-bond C—
H coupling constant depends upon the chemical environment of the hydrogen atom and,
especially, upon its stereochemical relationship to vicinal lone electron pairs. However, a lone
electron pair is not essential for the observation of a stereoelectronic effect, since even
cyclohexane exhibits different axial and equatorial C—H coupling constants. Thus, it was
proposed the name "Perlin Effect” to describe such observations. An analysis of the
experimental data regarding the Perlin Effect show that, in cyclohexane and in six-membered
rings having one or more heteroatoms of the first row attached to the carbon of interest, *Jc
is always larger for an equatorial hydrogen than for an axial hydrogen.

The Perlin Effect has application in the elucidation of the structures of chemical
compounds, because it is possible to determine if there is an equatorial hydrogen or axial
hydrogen in six-membered rings. In the current paper, we have evaluated the influence of
halogen substituents on the magnitude of a one-bond C-H coupling constant. To our

knowledge, this is the first application of theoretical studies to evaluate the origin of the Pelin
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Effect as well as the halogen influence in gas and condensed phase of 2-halocyclohexanones
and 2-halocyclohexanothiones. It is well known that the magnitude of a one-bond C—H coupling
constant depends upon the chemical environment of the hydrogen atom and, especially, upon
its stereochemical relationship to vicinal lone electron pairs. However, a lone electron pair is
not essential for the observation of a stereoelectronic effect, since even cyclohexane exhibits
different axial and equatorial C—H coupling constants. Thus, the name "Perlin Effect" to
describe such observations was proposed.

An analysis of the experimental data regarding the Perlin Effect show that, in
cyclohexane and in six-membered rings having one or more heteroatoms of the first row
attached to the carbon of interest, 1Jc_w is always larger for an equatorial hydrogen than for an
axial hydrogen. The Perlin Effect has application in the elucidation of the structures of chemical
compounds, because it is possible to determine if there is an equatorial hydrogen or axial
hydrogen in six-membered rings. Thus, the following compounds of Figure 1 were studied with
the aim at further investigating the manifestation and origin of the so-called Perlin. To our
knowledge, this is the first application of theoretical studies to evaluate the origin of the Pelin
Effect as well as the halogen influence in gas and condensed phase of 2-halocyclohexanones
and 2-halocyclohexanothiones.

Thus, the following compounds of Figure 1 were studied with the aim at further

investigating the manifestation and origin of the so-called Perlin effect.

2. Computational procedure

Compounds of Figure 1 were fully optimized at the ®B97XD/6-31g(d,p)[12-13] level,
either for the isolated molecule (gas phase) and considering implicit solvents (DMSO and
water), according to the polarizable continuum model (PCM) [14], using the Gaussian 09

program [15]. The electron delocalization and Lewis-type energies and interactions were
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obtained on the basis of Natural Bond Orbital (NBO) [15] analyses at the same level of theory,
as well as the spin-spin coupling constant calculations[16-17] J-coupling analysis were

evaluated through the Natural J-Coupling (NJC) framework [18].

3. Results and Discussion

The Perlin effect 1Jco-roax<'Jco-rzeqWas observed for all compounds 1-6, according to
Table 1. Accordingly, the bond distances were all longer for lax, 2ax, 3ax, 4ax, 5ax and 6ax
(the axial and equatorial conformers in Table 1 were named according to the orientation of the
C-H2 bond). This behavior is consistent with a more effective electronic delocalization towards
the axial o*c-H orbital, that elongates and weakens the C—Hax bond. The theoretical values of
1Jc.1 presented a difference of approximately 7% with respect to the experimental *Jc.n values
[2].

The C-H bond distance (dc-n) in the axial conformers is expected to be lengthened in
comparison to the equatorial conformers as result of an important hyperconjugative interaction
nc=y—6*c-H2 (Table2) [8].This interaction in thiocarbonyl compounds appears to be, in
general, a little more effective than in carbonyl compounds (Table 2), which can be due to a
higher acidity of a-thiocarbonyl hydrogens compared to a-carbonyl hydrogens. In addition, the
nx—o*c-H electron delocalization is also expected to elongate the C—Hax bond, and a subtle
dependence of this interaction with both X and Y is observed: it is stronger according to
Br < Cl <F, and more effective in thiocarbonyl than in carbonyl compounds in gas phase.
According to our findings (Figure 1-4), it has not been observed a precise relationship
between the calculated increase in bond length and decrease in Jcu for 2-
halocyclohexanones and 2-halocyclohexanothiones. It should be kept in mind, however,
that the Fermi contact (FC, responsible for the magnitude of 1J coupling constants) in

C—H bonds, as well as the bond distance, is strongly influenced by hydridization in the
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bond forming carbon. This means, the larger s-character is proportional to the larger FC
term and a shorter C—H bond[19].For 2-fluorometanol, a linear dependence of *Jcr with
d(C-F)[20], however an angular dependence of this coupling with the d(C-F) for
carbonyl system have not been evaluated. For these systems, just an angular with
hyperconcjugatives interactions and dipole moments has been observed[21].

Because the overall YJc.w2 spin-spin coupling constant results from the contribution of
Fermi contact (FC), spin dipolar (SD), paramagnetic spin-orbit (PSO) and diamagnetic spin-
orbit (DSO) terms (Equation 1), the reason for these findings can be found in Table 3. While
the SD, PSO and DSO terms are nearly insensitive to Y, the FC contribution is higher in
thiocarbonyl than in carbonyl compounds, and this is accompanied as the solvent changes.

1JC2—H2:1\]FC

co-H2 + 1I3Pco a1 IPSOco o+ 1 IPSO0co 1 1)

The Fermi contact (FC) term, the major responsible for the magnitude of the Jc.
coupling constants in 1-6, is strongly influenced by the hybridization at the bound carbon; the
higher its s-character (Table 4), the higher the FC term[20]. Comparing the halogen series, the
1Jcm2 values are similar for X=F and Cl (1, 2, 3 and 4), but decrease when X=Br (5 and 6)
(Table 1); this trend is accompanied by the FC term (Table 3) and, subsequently, by the s-
character at C2 (Table 4).0On the other hand, the electronic occupancy (Table 5) is higher for
equatorial conformers. To explain this behavior, natural J-coupling analysis (NJC data in Table
6) was carried out and the FC term was thoroughly evaluated. It is worth keeping in mind that
within an atom, only s-orbitals have non-zero electron density at the nucleus, then, the contact
interaction only occurs for s-electrons. Accordingly, it is expected that a higher s-character

leads to higher FC contributions. However, another interesting aspect to consider regarding the
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FC term is the Lewis and non-Lewis contributionsto'J™c.12. Therefore, the *JFCco was

decomposed into these contributions (Equation 2) on the basis of a NJC analysis[18].

1AJFC CoH2 = AlJ Lewis o2+ A 1J non-LeWisCZ_H2 (2)

The Lewis part reflects the character of the orbital according to a Lewis-based scheme
(i.e. considering the bond, lone pair, or core orbital), while the non-Lewis part is related to all
delocalization effects not described in the Lewis scheme. In other words, Lewis or localized
contributions correspond to steric interactions, whereas non-Lewis interactions are those
derived from electron density delocalizations. Within the NBO-NJC framework, the term non-
Lewis is divided into two contributions: those that correspond to the reallocation of a donor's
electron density to an accepting orbital centered on a different region of the molecule, the so-
called delocalized part. In addition, there are also reallocations around the orbital centered in

the same region of connection, called repolarization part, according to Equation 3[18].

1AJn0n—LeW|s Cotp = AlJ deloc Co-H2 +A1J repol Co-H2 (3)

Moreover, AJ“"Scoyp and AN WS, ., can be decomposed into individual

contributions of different NBO’s, occupied and unoccupied, according to Equations 4 [18] and

5 [18].

Al]ll-lelyis = Z?CC Ajrewis (4)

Aljglqln—lewis — Z?CC Zg]nocc Agpn—Lewis (5)
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According to Table 6, the main component for the magnitude of 1J7 c,.42 corresponds

to the Lewis term 1J-*"iSc i, while the Perlin effect (translated to 13 co-2ax<*IFCc2-tzeq) Can
also be described by the delocalization term 1JP¢°c, 4, especially for Cl and Br derivatives,
repolarization plays some important role only for compound 1. It is well known that electron
delocalization can play a critical role for the transport of nuclear spin information, especially
for higher-order Spin- Spin Coupling Constant (SSCC) [22]. Thus, the AXJ-*"iSco4y, and
ALJPeC o, pvalues give insight on the X and Y effects to the Perlin effect. Regarding X, the
Lewis contribution to the overall FC term decreases on going from F to Br (for 5, 2J-"Sc;.1ax
is higher than 1J"*"iSc, 115eq), wWhile the delocalization contribution increases in this order. The
interplay of interactions governing the behavior of the!Jc.e SSCC, in particular the role of the
Lewis term, is in agreement with earlier studies pointing out that steric and dipolar interactions
describe the angular dependence of *Jc. and *Jc.r SSCC [4-8]. Regarding Y in the C=Y bond,
the Perlin effect is slightly stronger in thiocarbonyl than in carbonyl compounds, and this
behavior is particularly reflected by the Lewis term in the fluorinated derivatives, and by the
delocalization term in the other halogen derivatives. There was no significant difference in the
data for the gas phase and solution (implicit DMSO and H20). It is important to notice that the
use of this solvation model implies to neglect thermal effects, as well as specific interactions
between solvent and solute. It is also worth mentioning that for flexible systems, these
parameters should be considered for the purpose of a more appropriate description of the

thermal and solvation effects [23-27].

4. Conclusions
The medium does not affect the Perlin effect (*Jc-nax <!Jc-req), Which was an effect
observed for the whole set of 2-halocyclohexanones and 2-halocyclohexanethiones studied.

The behavior in the YJc.iz SSCC is described by the Fermi contact term, and this is ruled by
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Lewis and delocalization contributions. The latter is particularly relevant to describe the Perlin
effect in Cl and Br derivatives, while the former contributes to the Perlin effect according to Br
< Cl < F. In general, the Perlin effect is stronger in 2-halocyclohexanethiones than in the
respective ketones. However, it is practically insensitive to the halogen, i.e. the orientation of
the C-X bond does not affect AlJc-Hex-eq), but the nature of X influences the magnitude of this
SSCC, that is, the smaller *Jc.+ values are observed as larger and less electronegative is the

halogen.
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Table 1 Calculated relative conformational energies (Ere in kcal mol™, obtained at thewB97X-D/6-31G(d,p) level), Xc-2 (in Hz,obtained at the

©B97X-D/6-311+G(d,p) level), molecular dipole moments (u, in Debye), and C—X bond lengths (in A), for compounds 1-6.

Gas DMSO H20
Cp
Erel ) U dc-H Erel ez M dc-H Erel e U dc-H

lax 0.5 135.5 4.3 1.10108 0.0 135.2 54 1.10152 0.0 135.5 54 1.10152
leq 0.0 149.9 2.8 1.09307 1.3 145.9 3.5 1.09568 14 145.9 3.5 1.09567
2ax 0.58 137.7 4.3 1.10128 0.0 137.6 5.8 1.10215 0.0 137.6 5.9 1.10215
2eq 0.0 149.4 2.8 1.09230 14 150.9 3.7 1.09434 14 149.4 3.7 1.09433
3ax 0.75 135.1 4.6 1.09602 0.0 135.1 6.0 1.09802 0.0 135.1 6.0 1.09800
3eq 0.0 145.6 3.2 1.09265 1.21 145.5 4.1 1.09266 1.24 145.6 4.1 1.09265
4ax 2.3 137.9 4.4 1.08963 0.5 137.9 6.1 1.09832 0.4 137.9 6.1 1.09830
4eq 0.0 149.8 3.1 1.08863 0.0 149.8 4.1 1.09096 0.0 149.8 4.1 1.09097
S5ax 2.5 129.3 4.4 1.09498 0.7 134.6 5.8 1.09733 0.6 134.7 5.8 1.09388
5eq 0.0 142.8 4.0 1.08864 0.0 145.1 4.0 1.09200 0.0 145.1 4.0 1.08835
6ax 4.0 133.2 4.2 1.09488 2.3 139.7 59 1.09762 2.3 137.9 5.9 1.09379
6eq 0.0 146.9 3.1 1.08774 0.0 145.1 4.1 1.09040 0.0 149.8 4.2 1.08740
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Table 2 NBO electron delocalization energies (in kcal mol™?) obtained for 1-6 in the gas
phase/DMSO/H-0.

Compound Nx—G™*C-H Tc=Y—C™*C-H
lax 8.3/6.7/6.7 1.8/1.7/1.7
leq 7.6/4.7/6.2 -
2ax 9.2/7.1/7.1 2.1/2.1/2.1
2eq 2.2[2.1/2.1 -
3ax 4.2/3.6/3.6 2.0/1.9/1.9
3eq 3.4/2.8/2.8 -
dax 4.2/3.6/2.8 2.0/1.9/1.9
4eq 3.1/2.8/2.8 -
5ax 3.9/2.9/2.9 2.1/1.6/1.6
5eq 2.4/2.3/12.3 -
6ax 4.2/2.6/2.7 1.5/1.9/1.9
6eq 2.2/2.1/12.1 -
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Table 3 The Ramsey terms (Fermi contact, spin dipolar, paramagnetic spin-orbit, and

diamagnetic spin-orbit) for 1Jc.n (in Hz) in 1-6 (gas phase/DMSO/water).

Compound FC SD PSO DSO
lax 134.4/134.3/134.4  0.16/0.16/0.16 = -0.57/-0.57/-0.57  1.54/1.31/1.54
leq 149.1/145.2/145.2  0.25/0.25/0.25  -0.79/-0.79/-0.79  1.29/1.29/1.29
2ax 136.7/136.7/136.7  0.16/0.15/0.15  -0.55/-0.55/-0.55  1.38/1.38/1.38
2eq 148.6/150.0/148.6  0.27/0.23/0.27  -0.76/-0.65/-0.76 ~ 1.33/1.35/1.33
3ax 133.8/133.8/133.8  0.27/0.27/0.27  -0.27/-0.27/-0.27  1.29/1.29/1.29
3eq 144.5/144.5/144.5  0.37/0.37/0.37  -0.55/-0.55/-0.55  1.24/1.23/1.24
4ax 136.6/136.6/136.6 ~ 0.28/0.28/0.28  -0.25/-0.25/-0.25  1.32/1.32/1.32
4eq 148.7/148.7/148.7  0.41/0.41/0.41  -0.52/-0.52/-0.52  1.25/1.25/1.25
Sax 127.5/133.1/133.2  0.26/0.32/0.32  -0.17/-0.37/-0.38  1.67/1.57/1.56
5eq 141.2/143.9/143.9  0.34/0.40/0.40  -0.50/-0.66/-0.66 ~ 1.73/1.50/1.50
6ax 131.4/138.1/136.3  0.27/0.32/0.34  -0.17/-0.31/-0.34  1.69/1.59/1.59
6eq 148.1/143.9/148.4  0.40/0.47/0.46  -0.52/-0.67/-0.63  1.61/1.40/1.53




Table 4 % s-character for the C2, Hax and Heq atoms in gas phase/DMSO/H-0).
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Compound e, 90SHax Q0SHeq

lax 24.7/25.1/25.1 99.9/99.9/99.9 -

leq 27.0/27.0/27.0 - 99.9/99.0/99.0
2ax 24.2/24.6/24.6 99.9/99.9/99.9 -

2eq 26.9/27.0/27.0 - 99.9/99.0/99.0
3ax 24.5/25.2/25.2 99.9/99.0/99.0 -

3eq 26.6/26.9/26.9 - 99.9/99.0/99.0
4ax 24.1/25.0/25.0 99.9/99.0/99.0 -

deq 26.7/27.0/27.0 - 99.9/99.0/99.0
5ax 25.2/25.3/25.3 99.9/99.9/99.9 -

5eq 27.1/27.3/27.3 - 99.9/99.9/99.9
6ax 25.0/27.4/27.4 99.9/99.9/99.9

6eq 27.2127.4/27.4 - 99.9/99.9/99.9




Table 5 Electronic occupancies at oc-H2 in gas phase/DMSO/H:0.
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Compound C—H2 Occupancy
lax 1.96638/1.96641/1.96638
leq 1.98251/1.98251/1.98251
2ax 1.95931/1.95937/1.95931
2eq 1.98286/1.98286/1.98286
3ax 1.96868/1.96873/1.96868
3eq 1.98239/1.98239/1.98239
dax 1.96542/1.96542/1.96550
4eq 1.98318/1.98318/1.98318
5ax 1.97083/1.96784/1.96784
oeq 1.98279/1.98279/1.98278
6ax 1.96568/1.96436/1.96432
6eq 1.98358/1.98364/1.98369
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Table 6 NJC results (in Hz) for YJc.n. Theoretical data obtained at the ®B97XD/6-31g (d,p)
level for the gas phase molecules.

Compound 1 Lewise py 1y Repole 1J Deloce LI 2
lax 183.0 -5.84 -42.8 134.4
leq 190.8 -3.69 -41.6 145.2
2ax 187.4 -5.39 -45.3 136.7
2eq 196.0 -4.30 -43.1 148.6
3ax 180.2 -4.59 -41.8 133.8
3eq 185.2 -4.22 -36.5 144.5
4ax 184.9 -4.14 -44.2 136.6
4eq 190.5 -4.57 -37.2 148.7
5ax 174.6 -3.90 -43.2 127.2
5eq 170.7 -3.93 -35.2 141.2
6ax 169.7 3.90 -43.2 1304

6eq 185.6 -4.26 -35.9 148.0
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Figure 1 2-Halocyclohexanones [1 (X = F), 3(X =Cl)and 5 (X = Br), and Y = O] and 2-
halocyclohexanothiones [2 (X =F), 4(X =Cl) and 6 (X = Br), and Y = S] theoretically studied.
He'
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3 CONCLUSAO GERAL

No Artigo 1, tanto o halogénio quanto o solvente ndo afetaram significativamente a
magnitude do acoplamento de longo alcance *Jwz, He, que é mais sensivel a diferenca entreC =
O e C = S. InteracBes hiperconjugativas ccoH2—n*c=y € oceHs—T*c=y(Y = O e S) parecem
conduzir a constante de acoplamento®Juz, He. NO entanto, as interagdes ocorz—m*c=s €
oceHe— T c=s SA0 Mais fortes que as interagdes correspondentes para 0s compostos carbonilicos,
enquanto que “Juz, HeSA0 Maiores para as ciclohexanonas do que para as ciclohexanotionas.Essa
aparente contradicao tem sua origem no termo de contato Fermi, que € influenciado pelo carater
s e comprimentos de ligacdo entre os &tomos envolvidos na via de acoplamento. Finalmente, as
moléculas de agua descritas explicitamente estabeleceram ligacao de hidrogénio com O (= C),
ou mesmo com halogénio (embora menos importante). Uma vez consideradas como uma
aproximacdo da camada de solvatacdo, as moléculas de 4gua tendem a interagir mais umas com
as outras do que com o soluto. Para o Artigo 2, 0 meio ndo afetou o efeito Perlin (}c-hax <'Jc-
Heq), que foi um efeito observado para todo o conjunto de 2-halocicloexanonas e 2-
halocicloexanotionas estudadas. O comportamento nos SSCCs *Jc.n2 € descrito pelo termo de
contato Fermi, e isso € governado por contribuicdes de Lewis e de deslocalizagdo.Em geral, o
efeito Perlin é mais forte em2-halociclohexanotionas do que nas respectivas cetonas. No

entanto, é praticamente insensivel ao halogénio.



