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RESUMEN

La actividad farmacologica de un metabolito depende de su estructura tridimensional, por
ello es importante determinarla para comprender las interacciones involucradas con las
biomoléculas que sirvan como sus ligandos. La determinacion de la configuracion absoluta
de los centros quirales de una molécula se puede llevar a cabo a través de método
experimentales como la rotacion Optica, la difraccion de rayos X, el dicroismo circular, el
dicroismo circular vibracional y la derivatizacion con ésteres de Mosher; ademas de métodos
computacionales, como la Teoria de Funcionales de la Densidad (DFT), a través de los cuales
se puede realizar un analisis conformacional para obtener las constantes de acoplamiento
vecinales H,H (*Jun) y los desplazamientos quimicos teéricos (8) para los nicleos de proton
y carbono en la resonancia magnética nuclear (RMN), considerando condiciones para una
fase gaseosa o en solucion con el fin de comparar los valores tedricos obtenidos con los

experimentales y poder distinguir entre un grupo de epimeros.

El presente trabajo describe el aislamiento, la purificacion, la caracterizacion estructural, el
analisis conformacional por DFT, la evaluacion del potencial citotdxico y el andlisis de
acoplamiento molecular de las 5,6-dihidro-2H-piran-2-onas aisladas de las especies Hyptis
pectinata e Hyptis monticola, compuestos a los cuales se les ha reportado actividad citotoxica
y antimicrobiana. El anillo de d-lactona-a,B-insaturada es el responsable de la actividad
bioldgica por medio de su interaccion con la subunidad alfa del dimero de tubulina a través
de una adicion tipo Michael que sucede entre el nitrogeno terminal del residuo de lisina 352
y el doble enlace de la d-lactona-a,-insaturada; los grupos funcionales presentes en la cadena
lateral interacciones por puentes de hidrégeno con los grupos funcionales de los aminoacidos
cercanos dandole estabilidad al complejo formado. Ademas, de estas especies de Hyptis
también se aislaron, purificaron, caracterizaron y evalué el potencial citotoxico de
compuestos del tipo 2(5H)-furanonas, relacionadas con las 5,6-dihidro-2H-piran-2-onas,
junto con seis estructuras flavonoides y un fenilpropanoide previamente aislados de otras

especies de la familia Lamiaceae.



Utilizando diversas técnicas cromatograficas como columna abierta y la cromatografia de
liquidos de alta resolucion (CLAR) se obtuvieron de H. pectinata tres 5,6-dihidro-2H-piran-
2-onas previamente descritas conocidas como pectindlida A-C y cinco compuestos
novedosos, pectindlida I-M junto con tres estructuras tipo 2(5H)-furanonas. A partir de la
cromatografia en contra corriente, de H. monticola se obtuvieron dos compuestos
biogenéticamente relacionados con las pectindlidas, la montecolida A y B, una nueva 2(5H)-
furanona y dos flavonoides previamente reportados. La configuracion absoluta de los
compuestos obtenidos se determind a través del registro de sus propiedades quirdpticas,
ésteres de Mosher y el analisis de las constantes de acoplamiento vecinales H,H (*Jun) en
RMN. Se realiz6 el analisis conformacional de la pectinélida C y J, correspondiente a un par
enantiomérico, para confirmar la configuracion absoluta de los centros quirales presentes en
la cadena alifatica que sustituye la posicion C-6 del anillo de d-lactona-a,B-insaturada de
estos compuestos a través de un protocolo basado en la comparacion de las constantes de
acoplamiento vecinales calculadas por DFT B3LYP/DGDZVP y experimentales (RMN).
Este protocolo también se aplicé para las pectindlidas B e I y la montecolida B, junto con el

derivado obtenido de la epoxidacion y posterior apertura en medio 4cido de la pectindlida K.

Se evaluo el potencial citotoxico de las 5,6-dihidro-2H-piran-2-onas y las 2(5H)-furanonas
aisladas frente a tres lineas celulares derivadas de tumores humanos; las 2(5H)-furanonas y
las pectinolidas L y M no presentaron actividad citotoxica, el resto de los compuestos
presentaron una actividad moderada que se encuenta en un rango de 1Cso 0.1-9.9 uM. Se
seleccionaron las pectindlidas C y K, las montecélidas A y B y el epdxido derivado obtenido
de la epoxidacion de la pectinodlida K para el analisis de acoplamiento molecular (“docking”).
Este analisis puso en evidencia la alta afinidad de las 5,6-dihidro-2H-piran-2-onas con la
subunidad o del dimero de tubulina, a través de una adicion tipo Michael de las 5,6-dihidro-
2H-piran-2-onas. Esta interacciéon puede representar un mecanismo para justificar el

potencial citotoxico de estas moléculas flexibles.



ABSTRACT

The pharmacological activity of a metabolite depends on its three-dimensional structure, so
it is important to determine its configuration in order to understand the interactions involved
with the biomolecules that serve as ligands. The absolute configuration for the chiral centers
of a molecule can be determined through experimental methods such as optical rotation, X-
ray diffraction, circular dichroism, circular vibrational dichroism, and derivatization with
Mosher esters; in addition to computational methods, such as the Density Functional Theory
(DFT), through which a conformational analysis can be performed to obtain the theoretical
vicinal coupling constants H,H (*Jun) and chemical shifts (8) for proton and carbon in nuclear
magnetic resonance (NMR). After considering conditions for a gaseous phase or in solution,
it is possible to compare theoretical values with experimental values to be able to distinguish

between a group of epimers.

The present work describes the isolation, purification, structural characterization,
conformational analysis by DFT, evaluation of the cytotoxic potential and molecular
coupling analysis of 5,6-dihydro-2 H-pyran-2-ones isolated from the species Hyptis pectinata
and Hyptis monticola, compounds to which cytotoxic and antimicrobial activity have been
reported. The 6-lactone-a,B-unsaturated ring is responsible for the biological activity by
means of its interaction with the alpha subunit of the tubulin dimer through a Michael-type
addition that occurs between the terminal nitrogen of the lysine residue 352 and the double
bond of the d-lactone-a,B-unsaturated, the functional groups present in the side chain interact
by hydrogen bonds with the functional groups of nearby amino acids giving stability to the
complex. In addition, from these Hyptis species, 2(5H)-furanones, related to 5,6-dihydro-2H-
pyran-2-ones, were also isolated, purified, characterized and their cytotoxic potential
evaluated, together with six flavonoids and one phenylpropanoid, which represented

structures previously isolated from other species of the family Lamiaceae.

By the application of various chromatographic techniques, such as open column and high
performance liquid chromatography (HPLC), three previously described 5,6-dihydro-2H-

pyran-2-ones, the known pectinolide A-C, were obtained from H. pectinata in aditition to
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five novel compounds, pectinolide I-M, together with three 2-(5H)-furanones. The use of
countercurrent chromatography afforded two compounds, biogenetically related to
pectinolides from H. monticola extracts: montecolide A and B, in addition to a new 2(5H)-
furanone. Their absolute configuration was determined through the registration of their
chiroptical properties, Mosher esters and the analysis of the vicinal coupling constants H,H
(*Jun) in NMR. The conformational analysis of pectinolide C and J corresponding to an
enantiomeric pair was performed to confirm the absolute configuration of the substituent
groups present in the aliphatic chain that substitutes the C-6 position of the 6-lactone-a,3-
unsaturated ring of these compounds through a protocol based on the comparison of the
vicinal coupling constants calculated by DFT (B3LYP/DGDZVP) and experimental (NMR).
This protocol was also applied for the pectinolide B, I, montecolide B and the derivative

obtained from the epoxidation and subsequent opening in acid medium of pectinolide K.

The cytotoxic potential of the 5,6-dihydro-2H-pyran-2-ones and the 2(5H)-furanones isolated
against three cell lines derived from human tumors was evaluated; the 2(5H)-furanones and
the pectinolides L and M did not present cytotoxic activity, the rest of the compounds
presented a moderate activity that was found in a range of ICso 0.1-9.9 uM. Pectinolide C, K,
montecolide A, B and the epoxide derivative obtained from the epoxidation of pectinolide K
were selected for a molecular docking analysis in which a high affinity of the 5,6-dihydro-
2H-pyran-2-ones with the o subunit of the tubulin dimer was demonstrated though a Michael-
type addition, which may be a possible mechanism contributing to the cytotoxic potential of

these small and flexible molecules.



1. INTRODUCCION

La utilidad de las plantas medicinales para el tratamiento de diversos padecimientos es un
hecho bien conocido desde siempre por todas las sociedades. La OMS define a las plantas
medicinales como cualquier especie vegetal que contiene sustancias que pueden ser
empleadas para propositos terapéuticos o cuyos principios puedan servir de precursores para
la sintesis de nuevos farmacos. En el caso de México, €ste ocupa el quinto lugar respecto al
numero de especies de plantas y se estiman alrededor de 7000 especies con algln tipo de uso,

de las cuales 4000 se han identificado y registrado con atributos medicinales.!

Céancer es un término genérico que designa un amplio grupo de enfermedades que pueden
afectar a cualquier parte del organismo; también se habla de tumores malignos o neoplasias
malignas y una caracteristica definitoria de estos términos es la multiplicacion rapida de
c¢lulas anormales que se extienden mas alla de sus limites habituales y pueden invadir partes
adyacentes del cuerpo o propagarse a otros 6rganos, un proceso que se denomina metastasis,
la cual es la principal causa de muerte por cancer. El cancer es la segunda causa de muerte
en el mundo, en el 2015 ocasiondé 8.8 millones de muertes.? El tratamiento de estas
enfermedades se basa principalmente en la cirugia, radiacion y quimioterapia, sin embargo,

algunos productos de origen vegetal también desempefian un papel importante.>*

Una variedad de compuesto derivados de plantas han sido utilizados exitosamente en el
tratamiento del cancer, uno de los més significativos ejemplos son los alcaloides de la vinca
aislados de Catharantus roseus; la vincristina, vinblastina y vindesina fueron los primeros
alcaloides de la vinca con actividad antitumoral identificada. El mecanismo de accion de
estos compuestos se lleva a cabo a través de la union especifica con la subunidad B-tubulina
y bloquea la habilidad de polimerizacion con la a-tubulina en microtibulos lo cual lleva a la
muerte celular por la inhibicién de la mitosis.>* Metabolitos como la maitansina, un
macroélido aislado de plantas del género Maytenus, desestabilizan los microtibulos al unirse
a la B-tubulina e inhibir las interacciones longitudinales entre los dimeros de tubulina; la
colchicina inhibe la formacion del microtibulo previniendo principalmente previniendo el

cambio conformacional de la forma “curva” del dimero de tubulina en su forma libre a una



estructura “recta” en los microtibulos.® Otros ejemplos de compuestos con actividad
antitumoral derivado de productos naturales son el etoposido, una epipodofilotoxina
inhibidora de la topoisomerasa II aislada de Podophyllum peltatum y Podophyllum emodi.
Los taxanos como el paclitaxel, aislado inicialmente de Taxus brevifolia, y el docetaxel, un
taxano semisintético obtenido a partir del 10-desacetilbaccatina III aislado de Taxus baccata,
muestran una actividad citotoxica sobre la tubulina manteniendo el microtubulo polimerizado
y protegiéndolo de su despolimerizacion,’ al igual que la pelorusida A y la laulimalida
aisladas de esponjas marinas Cacospongia mycofijensis 'y Mycale hentscheli

respectivamente.’

Podophylfim peltatum

Catharantus
* roseus . ="

Taxus Baccata

Figura 1. Plantas productoras de compuesto con actividad antitumoral.

A diferencia de los compuestos anteriormente mencionados, las 5,6-dihidro-2H-piran-2-
onas, aisladas de diversos microorganismos y plantas, son los tinicos compuestos que actian
sobre la subunidad a del dimero de tubulina desestabilizando los microtibulos al unirse y
perturbar la hélice H8 y el bucle T7 de la a-tubulina que inhibe las interacciones tubulina-

tubulina longitudinales®. De las plantas del género Hyptis se han aislado una variedad de 5,6-
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dihidro-2H-piran-2-onas, por ejemplo, las brevipolidas aisladas de Hyptis brevipes que
desarrollaron una citotoxicidad moderada en contra de la linea celular de carcinoma
nasofaringeo® y las pectindlidas aisladas H. pectinata que exhibieron una ICsy menor a 4

ug/mL frente a diversas lineas celulares.’

En el presente estudio, se realiz6 una investigacion quimica de dos plantas del género Hyptis
provenientes de México y del suroeste de Brasil; este género tiene una importante relevancia
dentro de la medicina tradicional latinomaericana donde se le ha dado usos para el
tratamiento de malestares gastrointestinales, pulmonares y cutdneos, asi como para el
tratamiento de dolores reumaticos, musculares y calambres; también se ha demostrado una
variedad de actividades farmacoldgicas entre las que resaltan las propiedades
antiinflamatorias, antifingicas y antimicrobianas, incluyendo la actividad citotoxica
relacionada con las 5,6-dihidro-2H-piran-2-onas y los compuestos de tipo lignano. El
presente trabajo se enfocod en el aislamiento, purificacion y caracterizacion de nuevos
compuestos citotoxicos, a partir de los cuales y utilizando una combinacion de correlaciones
quimicas, mediciones quirdpticas y andlisis de resonancia magnética nuclear (RMN) de sus
ésteres de Mosher se confirmé su configuracion absoluta. Mediante el empleo de calculos
DFT-RMN para determinar los desplazamientos quimicos y las constantes de acoplamiento
Ju.n fue posible la diferenciacion epimérica de los compuestos aislados. Se realizo el
acoplamiento molecular para determinar la alta afinidad por el sitio de union en la a-tubulina

para explicar el potencial citotoxico de estas moléculas pequenas y altamente flexibles.






2. ANTEDECENTES

2.1 La familia Lamiaceae.

La familia Lamiaceae estd constituida por 236 géneros y 7173 especies, son plantas
aromaticas y tienen importancia econémica en varias partes del mundo ya que muchas se
usan como condimento (Origanum, Thymus y Mentha), para la perfumeria (Lavandula,
Pogostemon y Salvia) y para usos ornamentales (Coleus, Salvia y Scutellaria). Presentan una
distribucion cosmopolita, en México se encuentran ampliamente distribuidas principalmente
a lo largo de las zonas montafiosas y de manera primordial en el eje volcanico transversal.
Los géneros mas representativos en el pais son Salvia, Scutellaria, Stachys e Hyptis con mas

de 35 especies cada uno.®

El nombre original de la familia es Labiatae (labiadas) debido a que tipicamente las flores
tienen los pétalos fusionados en un labio superior e inferior. Las hojas emergen de manera
opuesta, cada par en angulo recto con el anterior (llamado decusado) o verticiladas (conjunto
de tres 0 mas hojas que crecen al mismo nivel). Los tallos son frecuentemente cuadrados en
la seccion transversal. Las flores son bilateralmente simétricas con cinco pétalos fusionados
y cinco sépalos también fusionados. Son usualmente bisexuales y verticilastradas (flores en
racimo).” Los constituyentes medicinales de las especies de la familia Lamiaceae incluyen
principalmente aceites esenciales con propiedades antibacterianas, antivirales, carminativas

y antiespasmoliticas.'’

2.2 Género Hyptis.

El género Hyptis es rico en especies de gran importancia farmacologica alrededor del mundo
y su uso se remonta a las civilizaciones mesoamericanas. El manuscrito del siglo XVI
“Historia Plantarum Novoae Hispanae” del médico espafiol Francisco Hernandez menciona
a especies del género Hyptis con el nombre de “huistsiquia” (purépecha) y “xoxouhcaptli”
(ndhuatl) para el tratamiento de disenteria, tumores, reumatismo, llagas e infecciones

oculares.® De este género se conocen 280 especies en el mundo, de las cuales 35 se encuentran



en México y 17 son endémicas y se distribuyen principalmente en las partes tropicales del

sur y a lo largo de ambas costas.?

La mayoria de los usos tradicionales que se le han dado a las plantas de este género estan
relacionados con el tratamiento de padecimientos gastrointestinales, cutaneos, respiratorios,
asi como para el tratamiento de la fiebre y el dolor.!! Otros usos descritos para estas especies
estan relacionados con el tratamiento de la gota utilizando preparados de la planta H.
fasciculata'?; especies como H. mutabilis e H. suaveolens han sido utilizadas para el
tratamiento contra el paludismo'® y la segunda para el tratamiento de la tuberculosis.'* Las
especies H. oblongifolia e H. albida han sido utilizadas como repelentes de insectos'>! e H.
spicigera se ha usado tradicionalmente como insecticida.!” Algunos de estos usos, y muchos
otros, se han corroborado a través de estudios cientificos. En el cuadro 1 se resume la

actividad farmacolégica para las especies del género Hyptis.

Cuadro 1. Actividad farmacologica de especies del género Hyptis.

H. romboides  Actividad antixantina oxidasa'® y antimicrobiana'®
H. Suaveolens  Actividad contra Plasmodium falciparum®, antidiabética®!,
antiviral contra el virus causante de la fiebre chikungufia®?,

antimicotico contra el género Aspergillus®, antinociceptiva®,

gastroprotectiva ~ contra  agentes  ulcerantes®®,  efecto
hepatoprotectivo®
H. brevipes  Actividad antimicrobiana'®, antifingica®
H. crenata Actividad a antiulcerogénica®’, citotéxica y antioxidante?®
H.spicigera  Repelente  de  insectos®, actividad  antinociceptiva®,

gastroprotectora y efecto curativo de tlceras®!
H. lantanifolia  Inhibidor de la VIH transcriptasa reversa’?
H. fruticosa Actividad  antioxidante, efecto  antinociceptivo®®,  efecto

hipotensivo®*

H. martiussi ~ Actividad antiulcerogénica®, antimicrobiana mediada por luz’¢,
antifingica, antiprotozoaria contra  Trypanozoma  cruzi’’,
antiedematogenica®®

H. albida Actividad antiinflamatoria®

H. urticoides  Actividad antimicrobiana contra S. aureus y E. coli*

H. mutabilis  Actividad antitumoral en sarcomas de roedores*!, antifiingica contra
Mucor sp.*

H. fasciculata  Actividad antimicrobiana frente H. pylori, E. coli y S. enteritidis®

H. ovalifolia  Actividad antifiingica contra dermatofitos**

H. atrorubens  Actividad antibacteriana y antifingica®

H. verticillata  Actividad citotoxica, antimicrobiana, antifingica, insecticida,
antiviral*®
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2.3 Hyptis pectinata e Hyptis monticola.

Hyptis pectinata es conocida cominmente como ‘“hierba del burro” en Veracruz, con el
nombre maya de xoolte’xnuuk en Yucatan y en San Luis Potosi con el nombre huasteco de
Terek de task maape’.*’ En Brasil, se le conoce como “mercurio do campo” o “Canudiho” en
los estados de Sergipe y Alagoa. En el resto de Hispanoamérica, se le conoce como “poleo”.*
Se encuentra diseminada abundantemente en los tropicos de ambos hemisferios. En Africa,
se distribuye desde Sierra Leona hacia el este hasta Abisinia y hacia el sur hasta Angola,
Rodesia, Tanzania, Malawi y Madagascar. En Asia, ha sido hallada en Java, Guam y en India,
en las regiones de Tamil Nadu, Bengala Occidental y Assam. En México, se distribuye en el

eje volcanico transversal, en el pacifico desde Nayarit hasta Chiapas, en los estados del Golfo

de México y de la peninsula de Yucatan.*’

Es una hierba enmalezada perenne de hasta tres metros de alto, mas o menos pubescente en
las partes superiores, los angulos a menudo escabrosos; laminas foliares variables en tamafio
y forma, casi siempre de 4-7 cm de largo, las superiores reducidas, generalmente ovada,
agudas o acuminadas, redondeadas en la base o hasta semicodiformes, irregularmente
crenado-aserradas, la superficie superior densa y delicadamente hirsuta o a veces hirsuta, la
inferior mas clara, ya puberulenta, ya enblanquecida y tomentosa; peciolos casi siempre de
2-3 cm de largo; cimulas laxas, antes que densas, semiescorpiodes, a menudo bifurcadas,
subtendidas por bracteas lineares o subfoliares, las bractéolas seticeas, pectinadas, de 1-4
mm de largo; penduculos de 1-2 mm de largo; glomérulos generalmente apretados y en
espiga; las espigas apanojadas, a menudo densamente; tubo del caliz en la flor apenas de 1
mm de largo, los dientes de 1-1.5 mm de largo, erectos, estrictos, el orificio blanco-hirsuto,
el tubo maduro de 1.5-2.5 mm de largo, levemente hispido, leve pero notablemente
estrechado en el orificio; tubo de la corola de 1.5 mm de largo; niculas de mas o menos 1

mm de largo, negras*’ (Figura 12).

En la medicina tradicional mexicana, H. pectinata, se ha usado para el tratamiento de fiebres,
problemas cutaneos, gastrointestinales, rinofaringitis y congestion pulmonar,’® ademds en
Brasil se ha utilizado tradicionalmente en desordenes del higado, asma, tos, bronquitis y

dismenorrea.’!
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Los extractos acuosos de las hojas demostraron efectos sobre la estimulacion de la

regeneracion hepética,>” previenen la pérdida 6sea en la enfermedad periodontal®?

y muestran
efectos antidematogénicos y antinociceptivos en modelos animales.*® Los efectos
antinociceptivos mediados por loa receptores opioides y colinérgicos se han demostrado para
el aceite esencial de H. pectinata,”® junto con la actividad antiinflamatoria a través de la
inhibicion de la produccion de 6xido nitrico y la prostaglandina E2.> Los extractos organicos
t tividad contra el tigote de Lei ia brazilensis,”® y tambié t
presentaron actividad contra el promastigote de Leismania brazilensis,”® y también muestran
propiedades antioxidantes®’ y actividad antimicrobiana contra bacterias Gram positivo como

Streptococcus mutans>® y levaduras.*

Los aceites esenciales de H. pectinata son responsables de un gran nimero de aplicaciones
terapéuticas; sin embargo, esta planta contiene un grupo de marcadores quimicos conformado
por el sistema farmacoforico alquilante de 6-heptenil-5,6-dihidro-2H-piran-2-ona, que
contribuye con sus propiedades antimicrobianas y citotoxicas. La actividad de estos
compuestos esta relacionada con el sistema d-lactona o,B-insaturado que actia como una

aceptor tipo Michael.®

Figura 2. Morfologia de Hyptis pectinata.
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Hyptis monticola es una especie endémica del sureste de los estados de Minas Gerais y Rio
de Janeiro.*” No se han descrito estudios previos para la actividad farmacoldgica de esta
especie; sin embargo, se han estudiado los aceites esenciales de esta planta y se determin6
que sus principales componente eran el tranms-cariofileno, el (FE)-metil-cinamato, el

germacreno D, el limoneno, el a-muroleno y el B-pineno.®!

Es un arbusto pequefio con ramas més o menos rigidas, delicada y levemente hispidas con
pelos ascendentes, los internodios casi tan largos como las hojas; laminas foliares coriaceas,
casi siempre obovadas, a veces ovadas u ovales, de 2.0-4.5 cm de largo, de 1.0-2.5 cm de
ancho, redondeadas en el &pice u obtusas, estrechadas debajo de la mitad o ain acuminadas
hasta peciolos de 2-6 mm de largo, sus margenes crenados, principalmente arriba de la mitad,
la superficie superior escabrosa, también glabra, la inferior levemente hispida a lo largo de
las venas y menudamente puberulenta en las areolas, o casi glabra; capitulos maduros de 12-
15 mm de diametro, hemisféricos, en las axilas de las hojas superiores notablmente reducidas
con penduculos levemente hispidos de 8-12 mm de largo, semicorimbosos y agregados en
panojas bastante hojosas; bracteas subuladas, de 4-6 mm de largo; caliz en la flor més o
menos 5 mm de largo, los dientes lanceolados, acuminados, de 2 mm de largo, de mas o
menos 1 mm de ancho en la base, de 5 mm de largo; nticulas de 2 mm de largo® (Figura 3).

La clasificacion taxondmica de H. pectinata e H. monticola se encuentra en el cuadro 2.

Cuadro 2. Taxonomia de H. pectinata e H. monticola.

Reino Plantae

Division Magnoliophyta

Clase Magnoliopsida

Orden Lamiales

Familia Lamiaceae

Género Hyptis

Especie Hyptis pectinata (L.)  Hyptis monticola Mart. Ex Benth.
Poit.
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2.4 Fitoquimica de especies del género Hyptis.

De las especies del género Hyptis, se han aislado una gran variedad de metabolitos
secundarios, entre los que destacan aquellos de tipo terpenoide, flavonoide, lignano y las 5,6-
dihidro-a-pironas. Los aceites esenciales de las plantas pertenecientes a la familia Lamiaceae
son de gran importancia econdmica, ademas de que son los responsables de muchas de las
actividades farmacoldgicas. Los principales compuestos presentes en los aceites esenciales
son los monoterpenos y sesquiterpenos, aunque otras sustancias han sido identificadas como
acidos grasos Ciey Cisg esterificados en H. spicigera, fenol en H. pectinata y acetato de decilo

en H. emory, entre otros.'!

Figura 3. Morfologia de Hyptis monticola.

Los diterpenos son metabolitos ampliamente distribuidos en la familia Lamiaceae (Figura 4),
de Hyptis carvalhoi®® y del extracto metandlico de las raices de H. crassifolia® se han aislado
una variedad de diterpenos con esqueleto abietano, del extracto hexanico de las raices de H.

martiussi se identificaron dos diterpenos abietanos, carnosol y 11,14-dihidroxi-8,11,12-
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abietatrien-7-ona, con actividad antiproliferativa en diversas lineas celulares® y dos
tanshiononas que presentaron actividad genotdxica frente a células de pulmén de hamster
V79.9 El carnosol también fue identificado en H. dilatata junto con el 7-etoxirosmanol y
presentaron actividad citotoxica frente a tres lineas celulares diferentes (HeLa, MCF7 y
HT29) y actividad antibacteriana contra B. subtilis, S. aureus y Salmonella sp.*®®. De H.
crenata, se aisldo un diterpeno bis-seco-abietano el cual demostr6 inducir la transcripcion
dependiente de elementos que responden a cAMP en células Neuro2A®”. También se han
aislado diterpenos del tipo labdénico del extracto metandlico de H. fasciculata'? y de las
partes aéreas de Hyptis spicigera, los cuales presentaron propiedades insecticidas'’. En los
extractos organicos, se ha presentado un alto contenido de triterpernos pentaciclicos; un
ejemplo son los acidos hiptatico A y 2a-hidroursolico aislados de H. capitata que resultaron

toxicos contra células de tumor de colon (HCT-8)%8,

H. carvalhoi H. martiussi H. crenata

rosmanol carnosol tanshinona ""/o Ac

H. fasciculata H. spicigera hyptisolida A
OH

//0 OMe

HO,,

acido hidroxiursélico

Figura 4. Terpenoides aislados de especies del género Hyptis.
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Se han identificado compuestos de origen esteroidal; en H. suaveolens: B-sitosterol, su D-
glucosido y campesterol, en H. capitata; estigmasterol; y en H. romboides. estigmasterol, [3-
sitosterol y sus glucosidos).!! De tipo alcaloide, se aislo el (R)-5-hidroxipirrolidin-2-ona de

la especie H. verticillata.®®

Los lignanos (Figura 5) con esqueleto de ariltetralinas son los principales responsables de las
actividades citotoxicas descritas para los extractos orgdnicos de estas especies. Las
propiedades antisépticas de las infusiones preparadas con las partes aéreas de H. verticillata
y su empleo para eliminar verrugas es un resultado la actividad antimitética establecida para
su alto contenido de lignanos citotéxicos (EDso < 10 ug/mL).”® De esta especie, se han
aislado los lignanos citotoxicos: S5-metoxidihidropodofilotoxina, dihidropodofilotoxina,
deoxidihidropodofilotoxina, (-)-yateina, deoxipicropodofilina, entre otros.”®’! Los
neolignanos aislados del extracto etanolico de Hyptis rhomboides, hiprhombina C y
epihiprhombina B exhibieron una mejor actividad antixantina oxidasa que el alopurinol.'® La

desoxipodofilotoxina aislada de la H. tomentosa presenté actividad citotoxica.”

H. verticillata H. tomentosa
QH
<o : o)
O @]
O - '//\< (o) - "u/\<
= O = O
Meo/[;:l\OMe MeO/E:;]\OMe
OMe OMe
podofilotoxina desoxipodofilotoxina

H. rhomboides
O
HOOC o:[::T/\b)LO/::\T::j:OH
HO:(j\[O OH
HO hiprhombina C

Figura 5. Lignanos asilados de especies del género Hyptis.
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Una gran variedad de compuestos con estructura de flavonoide y fenilpropanoide (Figura 6)
también se han aislado de este género; algunos ejemplos provienen de las partes areas de H.
verticillata donde se aislé la sideritoflavona (KB: EDso 1.6 ug/mL)% y los flavonoides 5-
hidroxi-4’,6,7,8-tetrametoxiflavona y 5-hidroxi-4’,3,6,7,8-pentametoxiflavona aislados de
H. tomentosa’"; las metoxiflavonas cirsilineol y cirsimaritina aisladas de H. fasciculata
presentaron actividad anti-Helicobacter pylori*® Del extracto hidrometanodlico de H.
atrorubens se aislaron la isoquercetina y el hiperdsido, junto con los derivados del 4cido
cafeico como el acido rosmanirico y el metilrosmarinato, estos compuestos presentaron
actividad antibacteriana.** Otros derivados del acido cafeico como el 4cido sambacaitarico y
el 3-O-metil-sambacaitarico se aislaron de Hyptis pectinata y presentaron actividad contra el

promastigote de L. braziliensis.*®

OH

H. verticillata H. fasciculata OMe H. atrorubens

OH
HO
MeO ! 0]
MeO

OH O
.OH : © OH O isoquercetina
sideritoflavona cirsilineol
H. pectinata OH
1 o i /\/@
H
Howo COOH Owo X OH
HO OH HO o
acido sambacaitarico nepetoidina A

Figura 6. Flavonoides y fenilpropanoides asilados de especies del género Hyptis.

2.5 Dihidro-2H-piran-2-onas.

Las 5,6-dihidro-a-pironas tienen un anillo de 6-lactona-a,p-insaturada y pueden presentar

con una variedad de grupos sustituyentes alrededor del anillo. La actividad antimicrobiana’
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y citotoxica” de estos compuestos estd relacionada con el sistema de §-lactona-a.,p-
insaturada.”® La pironetina (Figura 7), aislada de cultivos de Streptomyces sp., es un ejemplo
representativo de este tipo de compuestos y su mecanismo de accion se lleva a cabo a través
de una adicioén tipo Michael en la subunidad a del dimero de tubulina, la cual se complementa
con el carécter lipofilico de este metabolito provisto por los sustituyentes alquilo en la
posicién C-6 que facilitan la interaccién con las membranas celulares;”® la reaccién de
adicion sucede entre el nitrogeno terminal de la a-lisina-352 con el carbono cuatro del doble
enlace del anillo de d-lactona-a,B-insaturada. Los oxigenos de los grupos funcionales
presentes en la cadena lateral interacciona por medio de enlaces de hidrogeno con los grupos
funcionales de los aminoécidos cercanos al sitio de accion’®. Sin embargo, se ha postulado,
basandose en datos cristalograficos y de espectrometria de masas, que la pironetina también
podria formar un enlace covalente a la cisteina-316 en la subunidad o del dimero de
tubulina.”” El resto de metabolitos disruptores del microtubulo aislados de plantas se unen a

la subunidad B de la tubulina.’

Figura 7. Pironetina aislada de Streptomyces sp.

2.5.1. Dihidro-2H-piran-2-onas sustituidas en la posicion C-4.

Las a-pironas sustituidas en la posicion C-4 se han aislado de diversos microorganismos y
plantas. De los constituyentes volatiles de Nicotiana tabacum, se aislé una 4-isopropil-5,6-
dihidro-a-pirona;’® del género Penicillium sizovae se han descrito compuestos con estructura
4-metil-5,6-dihidro-a-pirona como la anhidromevalonolactona, este metabolito es precursor
en la sintesis de agentes controladores de pestes de insectos, presenta actividad inhibitoria
frente a Lactobacillus acidophilus y L. heterohiochii en presencia de acido mevaldnico e

inhibe completamente el crecimiento de S. cerevisiae y S. carlsbergensis; dado a su
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importancia como precursor de diversos compuestos con actividad bioldgica se ha
desarrollado su produccion utilizando cepas recombinantes de Aspergillus orizae.” De un
cultivo liquido del ascomiceto Pestalotiopsis sp., un patégeno de plantas, se obtuvo una 4-
metoxi-5,6-dihidro-a-pirona con una cadena alifatica en la posicion C-6. La configuracion
absoluta de los sustituyentes se determind por cristalografia;®® del hongo endéfito aislado de
Corylus avellana, se obtuvieron dos compuestos con una cadena alifatica de cinco miembros
unida a la posicion C-6 que presentaron moderada actividad citotoxica frente a cuatro lineas
celulares humanas;®! de cultivos sélidos del hongo endofito Sarcosomataceae®® y del hongo
Nectria sp.,% se aislaron otras a-pironas similares sin descripciones de alguna actividad
bioldgica y del hongo Nodulisporium sp. se aisld la nodulisporipirona D que presentd

actividad antifiingica moderada contra 4. niger.®*

La monacolina K, que no presenta un doble enlace en el anillo de lactona y aislada de
Monascus ruber, posee una actividad hipocolesterolémica al ser un inhibidor competitivo de
la HMG-CoA reductasa.®® Otras o-pironas sustituidas en las posiciones C-3, C-4 y C-6 con
azlcares y grupos terpenoides han sido aisladas de Tricholepsis eburnea®® y de cepas de
Serratia plymuthica,”® cuyos dos compuestos aislados, plimuthipiranonas, presentaron una
actividad antimicrobiana potente frente a bacterias Gram positivo. En la Figura 8, se muestras

algunas estructuras de dihidro-2H-piran-2-onas sustituidas en la posicion C-4.
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Figura 8. Dihidro-2 H-piran-2-onas sustituidas en la posicion 4.
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2.5.2. Dihidro-2H-piran-2-onas sustituidas en las posiciones C-5 y C-6.

Se han obtenido a-pironas sustituidas unicamente en la posiciéon C-5, como la bisélida E
aislada del ascidiaceo Didemnidae sp.,®” y sustituidas solamente en C-6 como la callystatina
A obtenida de Callyspongia truncata, la cual present6 actividad citotoxica frente a la linea
celular KB.% Dos a-pironas con cadenas alifaticas de 7 y 10 carbonos fueron asiladas de
Cheilolejeuna imbricata.®® De los afidos de la especie Cryptomyzus sp. se obtuvieron las
cryptolactonas con actividad citotoxica contra células humanas promielociticas de leucemia
HL-60.° a-Pironas glucosiladas en la cadena sustituyente de C-6 se han obtenido Euscaphis
Jjaponica.®' Las gamahonélidas obtenidas del ascomiceto Epichloe typhina presente en el

estroma de Phleum pratense mostraron actividad antifungica.”?

La fostriecina de Streptomyces pulveraceus, que presenta un grupo fosfato en su cadena
lateral, ha demostrado actividad antitumoral a través de la inhibicion de la proteina fosfatasa
(PP)2A al unirse al residuo cis-269 de la subunidad PP2Ac, interrumpiendo la mitosis

celular.”>%*

De plantas del género Cryptocarya se han aislado metabolitos con como la R-goniothalamina
con actividad citotoxica;” los criptocarioles A-H, polioles de cadena larga que protegen a la
proteina Pdcd4 de la degradacion inducida por en tetradecanoilforbol (TPA, un potente
promotor tumoral usado en la invstigacion biomédica); la proteina Pdcd4 se encarga de
inhibir la transformacion, migracion e invasion de las células cancerosas in vitro.”® La Z-
criptofoliona y criptomoscatona D2 mostraron una alta actividad inhibitoria del punto G2 del
ciclo celular y que pueden forzar a la célula a detenerse en la fase G2 debido al dafio en el
ADN antes de entrar a la mitosis y pueden mejorar la eliminacion de células cancerosas por
radiacion ionizante y agentes quimioterapéuticos; la rugulactona induce el inhibidor kappa 3
(IxB), un regulador critico del factor nuclear xf (NF-kB) que se encuentra activo en muchos
tipos de neoplasias malignas.”” La 7°,8’-dihidroobolactona aislada de C. obovata presentd
actividad inhibitoria contra Trypanosoma brucei.’® Los criptorigidifolioles mostraron
actividad antimalaria moderada contra Plasmodium falciparum.” Finalmente se han aislado
otras a-pironas sin actividad biologica demostrada de las especies C. strictifolia y C.

latifolia.| 10!
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También aislada de Bryonopsis lacinosa, la R-goniothalamina present6 actividad citotoxica
en un ensayo con Artemia salina'® y en la linea celular de cancer de pulmon no microcitica
(NSCLC) H1299', ademas de actividad antimicrobiana significativa contra un amplio
rango de bacterias Gram positivo y negativo, asi como en hongos patdégenos junto con
actividad larvicida contra el mosquito Culex quinquefaciatus'®; la S-goniothalamina es un
andlogo sintético de la R-goniothalamina con actividad citotoxica frente a una variedad de

lineas celulares.'?’

Las pasiflorinas, aisladas del género Passiflora, son a-pironas sustituidas en la posicion C-6
por cadenas alifaticas largas que pueden presentar grupos sustituyentes a lo largo de éstas.
Por ejemplo, la pasiflorina A obtenida de P. foetida presento actividad contra el amastigote

106 al igual que la a-pironas aisladas de Raimondia monoica que también

de L. Panamensis,
presentaron actividad contra Plasmodium falciparum.'®’ Del género Ravensara, se han
obtenido a-pironas con actividad antifungica contra C. albicans y Cladosporium

cucumerinum un fitopatogeno. %1%

La micotoxina rubratoxina B aislada de Penecillium rubrum es un macrociclo de nueve
miembros unido a la posicion C-6, al cual se le atribuyen diversas actividades biologicas
como actividad hepatotéxica,'!” citotoxica en fibrosarcoma humano (HT1U80), inhibitoria
de la metaloproteinasa MMP2 y MMP?9 relacionadas con el inicio del tumor, su crecimiento
y metastasis,'!! ademas de inducir la apoptosis p53 independiente en células HL60.!1? La
tarchonanthuslactona obtenida de Tarchonanthus trilobus también presentd actividad

citotoxica frente a diversas lineas celulares.'!?

Se han obtenido diversas 5,6-dihidro-2H-piran-2-onas como las bitungolidas aisladas de la
esponja Theonella swinhoei que presentaron actividad citotoxica en células de fibroblastos
normales de rata 3Y1 y actividad débil contra la fosfatasa de doble especificidad (VHR);'!*
otra a-pirona citotoxica denominada pterocidina sustituida en C-5 y C-6 se obtuvo de cepas
de Streptomyces originarias de sedimentos marinos.!'> De Diplodia corticola, se obtuvo la
diplopirona B con actividad antifingica para el control de Phytophthora spp. que ocasionan
enferemades en las plantas.!!® En la Figura 9 se muestras algunas estructuras de dihidro-2H-

piran-2-onas sustituidas en la posicion C-5 y C-6.
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Figura 9. Dihidro-2H-piran-2-onas sustituidas en las posiciones C-5 y C-6.
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2.5.2.1. 5,6-Dihidro-2H-piran-2-onas aisladas de especies del género Hyptis.

La primer a-pirona aislada de este género (Figura 10) fue aislada de H. pectinata y se conoce
como hiptélida.'!'” De esta especie, también se han aislado las pectindlidas A-C, las cuales
poseen actividad citotdxica para una variedad de lineas celulares (ICso < 4 pg/mL) y
antimicrobiana frente Staphyloccocus aureus y Bacillus subtilis;’ también se han aislado
otros compuestos denominados pectindlidas D-G de una colecta de la isla Barbados.!'® De
H. urticoides se aisld la hipurticina, cuya reasignacion estructural y configuracional se
establecid recientemente mediante el empleo de calculos tedricos DFT-RMN y simulacién
espectral (RMN).'!® De H. oblongifolia se han descrito la 5’-epi-olguina, 5-desacetoxi-5’-
epi-olguina'® y la 10-epi-olguina, la cual también se aislé de H. capitata.'*® La argentilactona
aislada de Hyptis ovalifolia presenta actividad antifingica contra Paracoccidiodes lutzii,'!
los hongos dermatofitos Microsporum canis, Gypseum tricophyton mentaagrophytes y T.
rubrum.'?* De las partes areas de H. macrostachys, se aislé la denominada hiptendlida, la
cual presentd actividad antiespasmolitica en ileon de cobayo inducida por histamina y
carbacol junto con actividad antibacteriana contra una cepa resistente a meticilina de S.

aureus;'?* este compuesto también ha sido aislado de Neohyptis paniculata.'**

En H. spicigera se aislo la denominada con el nombre trivial espicigérolida, la cual presento
una actividad citotoxica contra la linea celular de carcinoma nasofaringeo.'?® De H. brevipes
se obtuvieron diez compuesto llamados brevipdlidas A-J, los cuales contiene un ciclopropano
en su esqueleto y la cadena se extiende con un grupo cinamoilo que esterifica al hidroxilo de
la posicion C-6’ de la cadena lateral. Las brevipolidas G-J presentaron actividad citotoxica
en contra de lineas celulares del carcinoma nasofaringeo (KB), mientras que las brevipolidas
B y F presentaron actividad frente a las lineas celulares de carcinoma de mama (MCF7) y
adenocarcinoma de colon grado II (HT-29).° Estos compuestos presentan actividad como
inhibidores en un ensayo ELISA del complejo nuclear NF-kB, receptor de citoquinas CCRS,

el principal receptor del VIH tipo 1.!%
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Figura 10. 5,6-dihidro-2 H-piran-2-onas aisladas de especies del género Hyptis.

2.6. Quimica computacional.

La quimica computacional es un resultado de la evolucion de la quimica tedrica y su objetivo
principal es predecir todo tipo de propiedades moleculares de sistemas quimicos utilizando
la fisicoquimica, la fisica molecular y la fisica cuantica. Esta disciplina permite investigar
multiples propiedades y comportamientos moleculares como la geometria, la energia, la

reactividad quimica, las propiedades espectroscopica, eléctricas y magnéticas, entre otras.'?’

Los métodos matematicos para llevar a cabo sus objetivos pueden dividirse en dos grandes

categorias:
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A) Mecénica molecular: aplica las leyes de la fisica clasica al nicleo molecular sin

B)

como

considerar explicitamente los electrones. Se basa en los siguientes principios:

-El nucleo y los electrones de un atomo estan juntos, es decir, se tratan como una
particula tnica y las particulas como si fueran esferas.

-Los enlaces entre particulas se comportan como osciladores armoénicos.

-Las interacciones no enlazantes entre particulas se tratan utilizando la mecéanica
clasica.

-Se utilizan funciones de potencial individuales para describir las diferentes
interacciones.

-Las funciones de energia potencial se relacionan con parametros derivados
empiricamente que describen las interacciones entre los atomos.

-La suma de todas las interacciones determina la distribucion espacial de un conjunto
de 4tomos.

-Las energias obtenidas en la mecanica molecular no son cantidades absolutas sino
que s6lo se pueden utilizar para comparar energias estéricas relativas entre dos o mas
conformaciones de la misma molécula.'?-12

Mecénica cudntica: se basa en la ecuacion de Shrodinger para describir una molécula
con un tratamiento directo de la estructura electronica. En ésta los nucleos y
electrones se distinguen unos de los otros y las interacciones electron-electron y
electron-nticleo son explicitas y estan dirigidas por el movimiento y las cargas de los

electrones. 27128

Dentro de los métodos de célculo de mecéanica cuantica los principales son los métodos
semiempiricos, los ab initio (desde el principio) y la teoria de funcionales de la densidad
(DFT). Los métodos ab initio no emplean otra informacién empirica que no sea la de las
constantes fisicas fundamentales. Partiendo del método variacional Hartree-Fock (HF) de

calculo de orbitales moleculares (OM), es posible formular familias de métodos ab initio,

las Moller-Plesset (MP) y Coupled-Cluster (CC), que estdn organizadas

jerarquicamente en términos de su capacidad para describir la correlacion electronica de
modo que es posible predecir cualquier propiedad molecular con una exactitud controlable.

En la practica la aplicacion de los métodos ab initio mas exactos puede ser muy complicada,

26



asi como requerir del empleo de supercomputadoras de altas prestaciones y una gran cantidad

de tiempo de calculo. 2512

A causa de las dificultades en la aplicacion de los método ab initio a moléculas medianas y
grandes, se han desarrollado los métodos semiempiricos para el tratamiento de estas
moléculas; estos métodos obtienen la energia y orbitales moleculares, pero lo hacen
simplificando los calculos HF o DFT, al remplazar valores esperados de la funcién de onda
o de funcionales de la densidad electronica por formas paramétricas ajustadas
estadisticamente, empleando grandes conjuntos de datos experimentales (geometrias
moleculares y calores de formacion) o datos tedricos generados por métodos ab initio o DFT.
El costo computacional se reduce al considerar s6lo los electrones de valencia y no los de
capas internas o core, se utilizan s6lo conjuntos de base minima, asi como el nimero minimo
de funciones necesarias para representar los electrones realizando aproximaciones para
simplificar el nimero de integrales de traslape y de repulsion interelectronica por resolver.
De esta manera, estos calculos son casi tan rapidos como los calculos de mecanica molecular
hasta el punto que es posible realizar calculos semiempiricos en sistemas de miles de

atomos. 28129

En 1964, Hohenberg y Kohn probaron un teorema que establecia que para las moléculas con
estados basales no degenerados, la energia del estado basal, la funcién de onda y las demés
propiedades electronicas se determinan inicamente por la densidad electronica de ese estado,
por lo que se puede decir que la energia del estado basal es funcional (funcién de una funcion)
de la densidad electronica. La implementacion de los métodos DFT conduce a las ecuaciones
de Kohn-Sham (KS), muy semejantes a las ecuaciones HF porque la densidad electronica se
expresa a partir de orbitales moleculares. Los calculos se inician con una densidad de partida,
que usualmente se encuentra superponiendo las densidades calculadas de los &tomos
individuales en la geometria molecular. De esta densidad se estima el potencial de
intercambio y correlacion, la cual se usa en las ecuaciones KS y permite obtener los orbitales
Kohn-Sham; estos son orbitales para el sistema de referencia ficticio de electrones no
interactuantes y, de manera estricta, no tienen un significado fisico. Su utilidad es la de
permitir que la densidad molecular exacta del estado basal pueda calcularse; al obtener los

orbitales, estos se usan para conseguir una densidad electronica y con ello se inicia el ciclo
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de nuevo hasta que no exista una diferencia entre la densidad y los orbitales, cuando el célculo

converge se puede calcular la energia.!?$1?

El potencial de intercambio y correlacion es la derivada del funcional de la energia de
intercambio y correlacion. El problema es que este funcional no se conoce, asi que para
determinarlo se han desarrollado varios métodos para encontrar aproximaciones, como la
aproximacion local de la densidad (LDA) y la aproximacion local de la densidad de espin
(LSDA), ambas basadas en un modelo de gas uniforme de electrones que es apropiado para
sistemas donde la densidad varia lentamente con la posicion; también hay aproximaciones
donde se corrigen los funcionales variando la densidad electrénica con respecto a la posicion
y algunas de estas aproximaciones son los funcionales por gradiente de Perdew y Wang de
1986 (PW86), el de Becke de 1988 (B8S8) y el Lee-Yang-Parr (LYP). Los funcionales
hibridos se utilizan con frecuencia, por ejemplo el funcional B3LYP donde se mezclan
funcionales que depende de la densidad con una expresion Hartree-Fock. Los funcionales
corregidos por el gradiente y los hibridos proporcionan excelentes resultado en las geometrias

de equilibro, frecuencias vibracionales, momentos dipolares y energia de atomizacion.'?%1%

El uso de la quimica computacional no es independiente de la quimica experimental, ya que
la forma de comprobar que los modelos son adecuados o que las propiedades calculadas son
cercanas o correctas a las propiedades reales es el trabajo experimental. Esto quiere decir que

sin el trabajo de laboratorio la quimica computacional no existiria.

2.6.1. La resonancia magnética nuclear y el analisis conformacional

La resonancia magnética nuclear (RMN) es una poderosa herramienta para el andlisis de la
configuracion relativa de los metabolitos secundarios pero no es raro que en algunos casos la
asignacion estructural este incompleta o incorrecta. Debido a que la configuracion espacial
de los 4&tomos en una molécula esta intimamente relacionada con la actividad biolédgica, es
importante dilucidar las estructuras de manera correcta, ya que pares de compuestos
enantioméricos pueden presentar diferente actividad cuando actiian sobre el mismo sitio de

union, o presentar actividad para dos sitios de union diferentes, resultando en inactividad, ser
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metabolizados o absorbidos por la célula de manera diferenciada, interactuar de forma

diferente con el mismo metabolito o incluso resultar toxicos (Cuadro 3).

La determinacion de la configuracion absoluta se puede llevar a cabo a través de diversos
método experimentales como la rotacion optica, donde es necesario conocer los datos fisicos
de ambos enantidomeros, la difraccion de rayos X, el dicroismo circular y el dicroismo circular
vibracional.!*® A partir de la resonancia magnética nuclear es posible determinar la
configuracion absoluta empleando agentes derivatizantes quirales que emplean &cidos
arilalcoxiacéticos, o sus sales quirales para la formacion de ésteres, que dependiendo del
enantiomero del 4cido o la sal utilizada se obtendra cambios en los espectros de resonancia
del compuesto problema; algunos ejemplos de reactivos utilizados con este fin son el acido
fenilmetoxiacético (MPA) y el reactivo de Mosher (acido a-metoxi-a-
trifluorometilfenilacético).'*! La quimica computacional puede resultar una valiosa
herramienta para determinar la configuracion absoluta, ya que se puede establecer las
propiedades magnéticas de los enantiomeros de un compuesto y compararlas con los valores

experimentales, como los desplazamientos quimicos o las constantes de acoplamiento.!*°

La elucidacion estructural de los productos naturales presenta diversos retos pues se trata de
estructuras complejas y muchas veces sin precedentes, algunas pueden ser moléculas
flexibles con numerosas conformaciones y su asignacion espectroscopica se basa en la 1°C y
"H RMN en la cual los espectros obtenidos pueden presentar regiones pobladas con muchas
sefiales que complique su asignacion, ademas, el valor de los desplazamientos quimicos
puede variar dependiendo del disolvente en el que se encuentre el compuesto. A través del
calculo de los desplazamientos quimicos de '*C y 'H mediante DFT, en conjunto con la
sintesis total y la resonancia magnética, se han corregido la estructura total o algunos centros
quirales de diversos productos naturales como el hexaciclinol, la aquatolida, la elatenina, la
nobilisitina A, el vannusal B, entre otros'*? (Figura 11). Actualmente la mayoria de los
calculos con DFT se enfocan a moléculas rigidas con pocas conformaciones y a la obtencion
de los desplazamientos quimicos. Es facil determinar la configuracion de compuestos ciclicos
(tres a seis miembros) a través de los pardmetros de RMN, como los valores de las constantes
de acoplamientos y las intensidades del efecto Nuclear Overhauser (NOE), sin embargo,

asignar la configuracion de sistemas flexibles no es una tarea facil; las constantes de
29



acoplamiento ofrecen una valiosa informacion en estudios conformacionales y

estereoquimicos pues proporcionan informacion geométrica relevante. !>

Cuadro 3. Ejemplos de enantiomeros mostrando diferentes actividades

biolégicas.'**
Metabolitoe ~ Enantiomero Actividad
Spirocromano S Cardioprotector
R Inactivo
Zilpaterol A Afinidad por el receptor adrenérgico B2
R,R Afinidad por el receptor opiode p
Talidomida S Mutagénico
R Sedante, hipnotico
Metadona S Produce riesgo cardiovascular
R Inhibe el canal de potasio cardiaco
Etambutol S Tubercolostatico
R Produce ceguera
Penilcilamina S Antiartritico
R Mutagénico
Asparagina S Sabor amargo
R Sabor dulce
Amlodipino S Antihipertensivo y antianginal
R Inactivo

Las constantes de acoplamiento /i se relacionan directamente con sus angulos dihedros a
través de la ecuacion de Karplus y dependen de los pardmetros moleculares como la
sustitucion, los angulos y longitudes de enlace, la electronegatividad y la posicion relativa de
los sustituyentes unidos al fragmento H-C-C-H; también, las constantes de acoplamiento
heteronucleares (>Jc.u) siguen una relacion similar a la de Karplus y, por lo tanto, pueden
usarse para derivar restricciones angulares adicionales. En el caso “Jc.u, sus valores pueden
ser utiles cuando el Ca tiene un sustituyente electronegativo, la magnitud relativa de la  2Jc-
H de dos enlaces puede relacionarse con el angulo diedro entre el proton y el 4tomo

electronegativo unido al carbono acoplado.'¥!1%3
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Figura 11. Estructuras de productos naturales corregidas a través de quimica computacional.
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Ejemplos del uso del calculo de las constantes de acoplamiento vecinales (Ju.n) para
moléculas flexibles son los realizados para las 5,6-dihidro-2H-piran-2-onas (Figura 12) de
origen vegetal ya que esta clase de metabolitos secundarios representa un modelo de estudio
muy interesante debido a su funcionalizacion y alto grado de dispersion conformacional
(Figura 12).5%13 La metodologia llamada de “DFT-RMN”!3® incluye la comparacion de las
constantes de acoplamiento Ju u vecinales experimentales a través del error cuadratico medio
(RMSD) con los valores teéricos obtenidos a partir de una buisqueda conformacional
utilizando mecanica molecular (MMFF94). Mediante el empleo de una optimizacion
geométrica, utilizando DFT B3LYP y la base DGZVP, para obtener las frecuencias
vibracionales y los pardmetros termodinamicos a 298 K y 1 atm y el método GIAO (Gauge
Independent Atomic Orbital), se establecieron las constantes de acoplamiento vecinales para
la hipurticina,!"® logrando su asignacién estructural correcta y la determinacién de la
configuracion absoluta. Esta metodologia también se describié para otras 5,6-dihidro-a-
pironas pertenicientes a especies de la familia de las labiadas como la espicigerdlida,®® la 5°-
epiolguina,®® la olguina,® la sinargentdlida A,'3¢ y las brevipolidas A-J¢ y K-O.!3” Para estas
ultimas, se complemento el analisis estructural con los calculos de DFT para la obtencion de

los espectros tedricos de dicroismo circular (Figura 12).

Una cuestion crucial que debe abordarse es la forma en como se evalua la precision de los
desplazamientos quimicos calculados y las constantes de acoplamiento. Con frecuencia, se
presenta una grafica de datos calculados versus experimentales y la precision se juzga de
acuerdo a: 1) la correlacion lineal entre los dos; 2) un parametro estadistico como el
coeficiente de correlacion que debe ser suficientemente alto; c) el error absoluto medio que
debe ser minimo y d) la pendiente que debe ser cerca de la unidad y la interseccion cercana
de cero.'*® Existen otras metodologias para la determinacion de la estereoquimica de una
molécula organica como la probabilidad DP4 que usa los caculos de desplazamientos
quimicos a través de GIAO RMN cuando s6lo se dispone de datos experimentales para un

tinico diastereoisomero dentro de todas las posibilidades esteroquimicas posibles.!3%140
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Estructura original Estructura revisada
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3. JUSTIFICACION

Las 5,6-dihidro-a-pironas han demostrado ser responsables de la actividad citotoxica y
antimicrobiana de algunas especies de plantas del género Hyptis. A su vez estos compuestos
flexibles de bajo peso molecular y con multiples centros quirales representan un valioso y
muy poco explorado modelo para el analisis conformacional y configuracional a través de la
teoria de funcionales de la densidad (DFT). Debido a esto, se seleccionaron dos especies del
género Hyptis con el fin de aislar, purificar y caracterizar la estructura molecular de nuevos
5,6-dihidro-a-pironas citotoxicas. También se realizo el andlisis termodindmico tedérico de
esta clase de metabolitos secundarios con una alta dispersion conformacional, en
combinacion con correlaciones quimicas, mediciones quirdpticas y constantes
experimentales obtenidas a través de DFT-RMN para determinar la configuracion absoluta y
lograr la diferenciacion epimérica de ejemplos selectos de 5,6-dihidro-a-pironas con una alta

afinidad por la subunidad alfa del dimero de tubulina.
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4. OBJETIVOS

El objetivo principal del presente estudio consistio en llevar a cabo el aislamiento, la
purificacion y la caracterizacion estructural de nuevas 5,6-dihidro-a-pironas citotoxicas a
partir de los extractos de Hyptis pectianta e Hyptis monticola, con el fin de realizar el analisis
conformacional y el establecimiento de la configuracion absoluta aplicando el célculo tedrico
DFT de las constantes de acoplamiento (*Juu) y desplazamientos quimicos (3) en la
resonancia magnética nuclear y su correlacion con los valores experimentales; ademas, se
determind el potencial citotoxico de las 5,6-dihidro-a-pironas aisladas en diferentes lineas

celulares y su andlisis mediante acoplamiento molecular con la tubulina.

Objetivos especificos

O Realizar el aislamiento y la purificacion de las 5,6-dihidro-a-pironas a través de

diversas técnicas cromatograficas.

0 Caracterizar la estructura quimica de los compuestos obtenidos utilizando RMN y
espectrometria de masas (MS), en conjunto con derivatizaciones con ésteres de

Mosher y correlaciones quimicas para establecer la configuracion absoluta.

O Analizar, a través de un protocolo de modelado molecular con DFT y RMN, Ia
conformacion teorica en fase gaseosa y en disolucidon de las 5,6-dihidro-a-pironas
obtenidas para determinar la configuracion absoluta y establecer su diferenciacion

epimérica.

0 Evaluar el potencial citotdoxico de los compuestos puros utilizando tres lineas
celulares derivadas de tumores humanos: HTC-15 (carcinoma de colon), HeLa

(carcinoma de cérvix) y MCF-7 (carcinoma de mama).

O Realizar el andlisis de acoplamiento molecular (docking) utilizando como ligandos
las 5,6-dihidro-a-pironas aisladas con mayor potencial citotoxico para la proteina o,3-

tubulina.
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ABSTRACT: Cytotoxic 6-heptyl-5,6-dihydro-2H-pyran-2-ones are chemical markers of
Hyptis (Lamiaceae) and responsible for some of the therapeutic properties of species with
relevance to traditional medicine. The present investigation describes the isolation of known
pectinolides A-C (1-3), in addition to the new pectinolides I-M (4-8), from two Mexican
collections of H. pectinata by HPLC. The novel biosynthetically related monticolides A (9)
and B (10) were also isolated by high-speed countercurrent chromatography from H.
monticola, an endemic species of the Brazilian southeastern high-altitude regions. A
combination of chemical correlations, chiroptical measurements, and Mosher esters NMR
analysis was used to confirm their absolute configuration. The utility of DFT-NMR chemical
shifts and Ju.n calculations was assessed for epimer differentiation. Molecular docking
studies indicated that 6-heptyl-5,6-dihydro-2H-pyran-2-ones have a high affinity for the
pironetin-binding site of a-tubulin, which may be a possible mechanism contributing to the

cytotoxic potential of these small and flexible molecules.
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5.1 INTRODUCTION

The plants belonging to the genus Hyptis from the mint family (Lamiaceae), commonly
known as bushmints, are widespread in the tropical Americas with the Guianan and Brazilian
shields as their diversification center.! This genus has a great relevance for the traditional
medicine of Latin America in the treatment of gastrointestinal and respiratory problems and
fever.>* H. pectinata (L.) Poit., with a pantropical distribution, has spread as a weed and
became naturalized throughout the South American tropics to the Caribbean, Central
America, and Mexico. It is considered a noxious weed of cultivated land, pastures, and
trailsides. In Mexico and Brazil, it is utilized extensively in ethnomedicine as a decoction,
mainly as a natural anti-inflammatory agent for rheumatic pains. Aqueous and organic
extracts from leaves have shown antiedematogenic and antinociceptive effects in animal
models,>® validating the popular use of this herbal drug. In addition, the antimicrobial
activities of its essential oils, with thymol as the major component, are also responsible for a
large number of the therapeutic applications of this medicinal plant.” Additionally, H.
monticola Mart. ex Benth. is an endemic species of high-altitude areas (1000-2000 m a.s.l.)
at the Brazilian Southeastern region. Its essential oil was characterized predominantly by
trans-caryophyllene, (E)-methyl cinnamate, germacrene D, limonene, a-muurolene, and -

pinene.”® The pharmacological properties of this species have not been studied.

Hyptis contains a group of chemical markers possessing the 6-heptyl-5,6-dihydro-2H-
pyran-2-one system, which contributes with its antimicrobial® and cytotoxic® properties. The
activity of these compounds is related to the a,f-unsaturated o-lactone system, a well-known
Michael acceptor, which is complemented with the lipophilicity provided by the 6-alkyl

substituent to facilitate interaction with cell membranes.®® Pironetin, isolated from cultures
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of Streptomyces sp., is a representative example of this type of cytotoxic compounds, which
is the only natural compound currently known to bind to a-tubulin, and is a potent inhibitor
of microtubule polymerization. Its mechanism of action is carried out through a Michael-
type addition of Lys352 of the tubulin a-subunit to the f-carbon atom of the a,f-unsaturated
&lactone (Figure 1).° However, it has been postulated that pironetin could also form a
covalent bond to Cys316.%¢ All other microtubule-disruptive drugs of plant origin bind to j-

tubulin.'”

M-loop

Figure 1. Chemical structure of pironetin (above), a representative example of cytotoxic 5,6-
dihydro-2 H-pyran-2-ones, and minimum energy molecular model of a-tubulin with pironetin
covalently bonded at Lys352 (below). Pironetin incorportation alters the H8 and M-loop
tertiary structure of a-tubulin.
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The first compound isolated from H. pectinata and belonging to this class of 5,6-dihydro-
2H-pyran-2-ones was named hyptolide.!'® Pectinolides A-C (1-3) were isolated from this
species collected in Mexico, which demonstrated cytotoxic activity for a variety of cell lines
and antimicrobial activity against Staphyloccocus aureus and Bacillus subtilis.>® Other o-
pyrones, pectinolides D-F, and a 2(5H)-furanone (pectinolide G), were also isolated from a
collection from Barbados.''® Pectinolide H, corresponding to a butenolide structurally related
to pectinolide B, displayed antimicrobial activity against multidrug resistant strains of S.

aureus. 3b

The 6-heptenyl-5,6-dihydro-2H-pyran-2-ones have been used as models to study the
conformational and configurational properties of flexible natural products with multiple
chiral centers. Thus, DFT-NMR calculations, in combination with ECD data, have been used
to solve the absolute configuration of this type of compounds.!'? The present investigation
describes the isolation and structural elucidation of seven biosynthetically related new
lactones isolated from a Mexican collection of H. pectinata and the Brazilian endemic species
H. monticola. A combination of chemical correlations, chiroptical measurements, and
Mosher ester methodology was used to confirm the absolute configuration of these
compounds. Additionally, DFT NMR Jun values were used to predict the configuration of
these flexible compounds and their utility was further assessed through the comparison of
DFT calculated and experimental values for epimer differentiation at the C-3" chiral center
of the side chain. The binding interactions of these cytotoxic 5,6-dihydro-2H-pyran-2-ones

to a-tubulin were also studied through molecular docking analysis.
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5.2 RESULTS AND DISCUSSION

Pectinolides A-C (1-3), in addition to the new pectinolides I-M (4-8), were isolated from
two Mexican collections of H. pectinata by reversed-phase preparative HPLC. The
biosynthetically related 6-heptyl-5,6-dihydro-2H-pyran-2-ones, monticolides A (9) and B
(10), were also isolated from the Brazilian endemic species H. monticola by high-speed
countercurrent chromatography. The known compounds 1-3 were identified by HPLC
coelution with authentic samples and comparison of their 'H and '*C NMR spectra with
published data.® The positive Cotton effect in the circular dichroism curve (A£260-290 nm)
was correlated with the C-6(S) configuration for the three compounds as described for all 6-
substituted 5,6-dihydro-a-pyrones from the mint family.'>!* The pseudo-equatorial side
chain at C-6 and the axially oriented substituent at C-5 were established by the Js¢ value.
The C-3" absolute configuration was previously corroborated as S by Mosher ester derivatives
of pectinolide B (2)*® and ozonolysis of pectinolides A (1) and C (3), which yielded (+)-2(S)-

acetyloxyhexanoic acid.>

1 Ri=Ac Ry,=Ac
2 Riy=Ac R,=H

3 Ry=H R, = Ac
4
1

R1=H R2=H
1R, = MTPA R, = MTPA
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5 R=H
6 R=Ac

MeO™
OR,

7 R1=ACR2=AC
8R1=H R2=AC

The molecular formula of pectinolide I (4) was deduced as Ci2HisOs4 by HRESIMS (m/z
249.10969 [M + Na]"). The 6-heptenyl-5,6-dihydro-2H-pyran-2-one framework was
recognized through its characteristic '"H and '3C NMR signals (Tables 1 and 2, respectively;
Figures S19-S21, Supporting Information) by comparison with published data for the

pectinolide series.’ The positive Cotton effect in the circular dichroism curve (4&gg +1.32)

was correlated with the C-6(S) configuration. The pseudo-equatorial side chain at C-6 and
the axially oriented hydroxy group at C-5 were established by the Js value of 3.5 Hz. The
simple peracetylation of 4 did not enable a direct chemical comparison of 4 with pectinolide
A (1), since its diacetylated derivate was identical in its NMR data and chromatographic

behavior to those prepared from pectinolides C (3) and J (5).
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Table 1. '"H NMR Data of Natural Products 4-10 (400 MHz in CDCls, 6 in ppm, and J in Hz)

position
3

4
5
6

1/
2/

3!

4’pr0S
4’pr0R

5/

6/

7!
CH30
CH5CO
CH5CO
CH;CO
CH;CO

4
6.13d (9.8)

6.98 dd (9.8, 4.9)
424 dd (4.9,3.3)
5.36 dd (7.6, 3.3)

5.78 dd (11.7, 7.6)
5.84 dd (11.7, 7.6)

4.47 ddd (7.6, 6.4,
6.7)

1.62 m

1.51 m

129 m

129 m

0.90 t (6.9)

5
6.10 d (9.8)

6.98 dd (9.8, 5.5)
4.12 dd (5.5, 3.0)
5.31 ddd (7.5, 3.0,
0.9)

5.76 dd (11.5, 7.,5)
5.66 ddd (11.5, 9.1,
0.9)

5.46 ddd (9.1, 7.4,
5.9)

1.70 m

1.59 m

133 m

1.30 m

0.90 t (6.9)

2.03s

6
6.24d(9.7)

6.95 dd (9.7, 5.7)
5.17dd (5.7, 2.9)
5.59 ddd (8.1, 2.9,
1.8)

5.74 dd (10.9, 8.1)
5.64 dd (10.9, 9.0)

5.35ddd (9.0, 7.2,
5.9)

1.68 m

1.55m

1.32m

1.32m

0.90 t (7.0)

2.08s
2.04s

7
2.70dd (17.5, 1.6)
2.64 dd (17.5, 3.4)

4.06 ddd (4.8, 3.4, 1.6)4.13 ddd (6.2, 5.3, 3.6)

4.89 dd (7.5, 4.8)
5.80t(7.5)

5.65(11.2,7.5)
558 m

5.58 m

1.58 m
1.58 m
1.30m
1.30m
0.90 t (7.3)
3.28s
2.08s
2.05s

8
2.78 dd (17.4, 3.6)
2.65dd (17.4,6.2)

4.44¢(5.3)
4.99 dd (8.6, 5.3)

5.71 dd (10.1, 8.6)
549 m

545 m

1.69 m
1.53m
1.34m
1.34m
0.91 t(7.0)
3.31s
2.04's

9
6.24 d (9.7)

10
6.23 d (9.6)

6.95 dd (9.7, 6.1)7.08 dd (9.6, 6.1)
5.27dd (6.1, 2.5)5.40 dd (6.1,2.3)
4.54dd (9.7,2.5)4.55 dd (9.5, 2.3)

5.43 dd (9.7, 1.9)3.89 dd (9.5, 0.9)
5.45dd (7.4, 1.9)4.02 dd (5.6, 0.9)

5.01 ddd (8.7,
7.4, 4.0)

1.69 m

1.63 m
1.31m
1.31m

0.89 t (6.8)

2.11s
2.10s
2.06s
2.05s

5.06 ddd (7.2, 5.6,
5.0)

1.66 m

1.66 m

1.30m

1.30m
0.91(6.3)

2.12s
2.11s
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Table 2. '*C NMR Data of Natural Products 4-10 (100 MHz in CDCls, 6 in ppm)

position 4 5 6 7 8 9 10

2 163.8 162.9 162.2 174.3 171.5 160.9 162.1
3 122.4 122.6 125.1 34.8 33.8 125.4 125.2
4 144.8 144.4 139.9 76.4 84.3 139.5 140.5
5 62.9 63.2 64.3 82.7 76.8 59.6 61.4
6 77.2 77.8 75.1 69.0 71.1 75.6 76.9

1' 123.6 125.8 133.1 125.0 131.6 66.9 68.4
2! 138.9 133.8 126.2 135.1 130.1 70.8 70.0
3’ 68.6 70.7 69.4 71.6 65.9 71.8 75.9
4 36.9 34.2 34.0 343 34.7 30.3 30.7
5 274 27.1 27.2 274 27.1 27.1 27.3
6' 22.6 224 22.5 22.6 22.5 22.3 22.4
7 13.9 13.9 13.9 13.9 13.9 13.9 13.9
CH3CO - 171.0 170.3 170.6 171.5 170.4 171.9
CH;CO - - 169.8 169.2 - 170.1 170.6
CH3CO - - - - - 169.8 -
CH;CO - - - - - 169.4 -
CH;CO - 21.2 21.1 21.2 21.3 20.9 21.2
CH3CO - - 20.5 21.0 - 20.6 20.6
CH;CO - - - - - 20.5 -
CH3CO - - - - - 20.5 -
CH;0 - - - 56.8 57.2 - -

Thus, in order to avoid further inexactitudes in the assignment of the chiral center C-3' at the
side chain, Mosher ester derivatization was used. Bis-MTPA derivatives (11) corroborated the
C-5(S) and C-3'(S) absolute configuration for compound 4 in accordance with the negative
value for the duX sign distribution pattern for the anti-sec/sec-1,n-diols'* (Table 3 and Figure
S35, Supporting Information).

Pectinolide J (5) was found to have the molecular formula C14H200s, as determined by ESIMS
(m/z291.12061 [M + Na]"). The 'H NMR spectrum slightly differed in the chemical shifts and
multiplicities for H-1', H-2', and H-3' signals to those reported for pectinolide C (3) (Table 1;
Figure S5, Supporting Information); however, their ?*C NMR data were almost identical (Table
2; Figure S4, Supporting Information). Also, an evident difference in their HPLC retention time
values was registered (3: 7z 9.2 min; 5: fr 8.6 min). The positive sign for the circular dichroism

(A&78 +0.57) was in agreement with the C-6(S) absolute configuration, in addition, the pseudo-
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equatorial side chain at C-6 and the axially oriented hydroxy group at C-5 were established by
the Js6 value of 2.9 Hz. Thus, the structure for compound 5 ([a]p +63.8) should correspond to
the C-3'(R) epimer of pectinolide C (3, A&70 +0.38, [a]p +80.9).> On acetylation, compound 5
afforded derivative 6, which was chromatographically undistinguishable from pectinolide K
(6). Natural compound 6 was found to have the molecular formula Ci16H220¢, as determined by
ESIMS (m/z 333.13078 [M + Na]"). Although the 'H and '*C NMR data of 6 were quite
comparable with those of 1, their optical rotations (1, []p +202 vs. 6, [ &]p +98) differed and
indicated the presence of a second natural diastereoisomeric pair at the C-3' chiral center of the

side chain between both compounds.

Table 3. '"H NMR Chemical Shift Data for Signals from (S)- and (R)-Ester Derivatives 11, 13
and 16 (300 MHz in CDCl3, ¢ in ppm)

proton chemical shifts (40 = ds — Jr)

compound MTPA-ester H-3 H-4  H-5 H-6 H-1' H-2" H-3

S 691 594 413 524 581 575 437
11 Adu -0.02 -0.03 -0.04 -0.03 -0.02 -0.01 -0.02
R 693 597 417 527 583 576 4.39
S 599 683 509 366 414 554 540
13 Adu -0.1 -02  -025 -091 0.16 158 031
R 6.09 7.03 534 457 398 396 5.09
S 694 613 520 379 426 582 541
16 Aou -0.14 -0.04 -0.21 -1.05 0.09 1.56 0.27
R 7.08 6.17 541 484 417 426 5.14

Complementary structural information was available via the utility of the DFT chemical shifts
and 3Junu calculations!? in the gas phase and CHCI; solution for the conformational analysis
and epimer differentiation of compounds 3 and 5 by taking advantage of the fact that the

absolute configuration for pectinolide C (3) has also been confirmed by stereoselective total

58



synthesis.'®> The 'H chemical shifts and coupling constants were sufficiently different between
this natural product and its epimeric counterpart at C-3’, pectinolide J (5), to permit the
appropriate spectroscopic interpretation of each stereoisomer after comparison with the DFT
'H NMR chemical shifts and 3JH,H values. In contrast, experimental '>*C NMR data was not

useful to distinguish between these stereoisomers (Figure S4, Supporting Information). This
situation was previously reported for pairs of stereoisomers when two chiral moieties are
separated by a flexible connective chain,'?® thus producing identical '>*C NMR spectra but
distinguishable '"H NMR spectra, as observed for 3 and 5. The conformational distributions of
3 and S were obtained by using the Monte Carlo protocol complemented with a systematic
search with molecular mechanics minimization in which the C(5)-C(6)-C(1')=C(2") and
C(1")=C(2")-C(3")-C(4") dihedral angles were rotated in steps of 180° and the remaining
dihedral angles of the heptenyl moiety were rotated in steps of 120°, starting at 60° for each
bond. The acetyloxy H-Csp3-O-Csp and Cyp3-O-C=0O dihedral angles were explored within the
range from +60° to —60° to find the more favored alignment. DFT single-point calculations
were achieved at the B3LYP/6-31G(d) level theory for each minimum-energy structure falling
between Emmrr = 0-5 kcal/mol and geometry optimization at the BALYP/DGDZVP level were
carried out for all the structures within an Eprr.sp range of 0-3 kcal/mol. This procedure yielded
14 conformers for 3 and 20 for 5; their Gibbs free energy values (4G) and conformational
populations (P), together with NMR chemical shifts ('H, Tables S1 and S3; '3C Tables S17 and
S19, Supporting Information) and coupling constants (Tables S7 and S11, Supporting
Information), were calculated from the minimum-energy structures with the gauge-invariant
atomic orbital (GIAO) method. Subsequently, the minimum energy structures, chemical shifts
(DFT-'H NMR, Tables S2 and S4; and DFT-'>C NMR, Tables S18 and S20, Supporting
Information), and coupling constants (Tables S8 and S12, Supporting Information) were refined

and recalculated with the polarizable continuum model (PCM) using CHCI3 as the solvent.
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Calculated '"H NMR chemical shifts in solution for compounds 3 and 5 are summarized in
Tables S2 and S4 (Supporting Information), where experimental values are also included for
comparison, showing values with RMSD < 0.20 ppm. The main differences in the chemical
shifts between this pair of diastereoisomers were observed in the C-1'=C-2'-C-3'-C-4’
fragment (Figure S5, Supporting Information), in particular, the C-4' proR and proS protons
(AOH-4pror - H-4'pros = 0.1 ppm) were unquestionably distinguished based on the DFT chemical

shift predictions (Table 4).

Table 4. Summary® of Theoretical® and Experimental® Chemical Shifts
(in ppm) for the C-4' Protons of 3 and 5.

compound H-4'proS H-4'proR
3 theor gas phase  1.5638 1.6133
theor solvent 1.5945 1.6846
exp 1.6591 1.7559
5 theor gas phase 1.6678 1.5280
theor solvent 1.6465 1.5374
exp 1.6990 1.5909

“For full details on theoretical chemical shifts calculations for each contributing conformer, refer to Supporting
Information (Tables S1-S4).?Obtained from the DFT-optimized structures using DFT B3LYP/DGDZVP in gas
phase and DFT B3LYP/DGDZVP PCM in solution. Values were Boltzmann averaged with equation X; J; x P;,
where J; is the spin—spin coupling constant (in Hz) for each conformer and P; is the population for the ith conformer
calculated from AG values at 298 K and 1 atm.“The 'H NMR chemical shifts were obtained at 700 MHz from
CDCl;s solutions using TMS as the internal standard.

Calculated 3JH’H values were scaled using the previously described factors.!?* Thus, an excellent
correlation (a low RMSD) was obtained when the correct combination of theoretical and
experimental *Jun values were chosen, i.e., 3-theor/3-exp and 5-theor/Sexp in contrast to 3-
theor/5-exp and S5-theor/3exp (Figure 2), which also confirmed the biosynthetic
enantiodivergence at C-3'. The observed reduction in the RMSD values (from 1.13 to 0.87 Hz)
for the *Juuin gas phase and solution reflects that the inclusion of solvation provides a more

precise calculation model for hydroxylated compounds, as previously described.'?®
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Figure 2. RMSD values between theoretical and experimental Ji i for epimers 3 and 5 in gas
phase (blue) and solution (red).
Figures 3 and 4 show the four minimum-energy structures in CHCI3 solution of conformers of
3 and S, respectively. For example, in the most relevant conformer 5-1 with a 32.9%
contribution to the Boltzmann population (Figure 4), it was observed the anti-orientation
between H-3' and H-4'proS that resulted in a large DFT *Juu value (11.3 Hz, Table S12,
Supporting Information), while the H-3'/H-4'proR pair exists in a gauche orientation giving a
small DFT 3Jun (1.9 Hz). Conversely, conformer 5-2, which contributed with a 23.5% of the
Boltzmann population, showed a DFT *Juu = 3.7 Hz for the H-3'/H-4'proS derived from the
gauche orientation, while the calculated *Jun for H-3'/H-4'proR was 11.5 Hz. The calculated
averaged >Jun values for these protons in the new pectinolide J (5) in CHCls solution were
J3apror = 5.12 and J3 4pros = 7.26 Hz at the equilibrium considering 20 conformers (Table S12,
Supporting Information), in agreement with the experimental values (J34,r0r = 5.90 and J3/47r08
=7.38 Hz). The solvent used in our computational calculations is aprotic and accounted for the
stabilizing interaction derived from the intramolecular hydrogen bond formed between the
hydroxy hydrogen at C-5 in the lactone ring and the carbonyl group of the acetyloxy substituent

at C-3' present in pectinolide C (3) with a distance of 1.76 A (Figure 3). In contrast, a higher
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conformational dispersion was found at the side chain of pectinolide J (5) due to the lack of
such an interaction (Figure 4). Theoretical *Jun values were estimated in solution by evenly
decreasing and increasing the percentages of the hydrogen-bonded and non-bonded
conformations resulting in higher values for the RMSD, thus confirming that the hydrogen
bonded conformations were accurately estimated for 3 (Figure S3; Table S24, Supporting

Information).

33
P~ 189%

Figure 3. The four most relevant conformers of pectinolide C (3) modeled in CHCI3 solution,
showing the stabilizing intramolecular hydrogen bond formed between the hydroxy hydrogen
at C-5 in the lactone ring and the carbonyl group of the acetyloxy substituent at C-3'.

Figure 4. The four most relevant conformers of pectinolide J (5§) modeled in in CHCIl3 solution.
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Additionally, NOE differential spectroscopy'® of 3 and 5 carried out in CDCl; at 700 MHz
(Figures S6 and S7, Supporting Information) was in agreement with the high flexibility
reflected by the calculated models. Thus, irradiation of H-2" in compound 3 induced almost
identical enhancements in H-4'proR (1.15%) and H-4'proS (1.21%) in accordance with the
presence of conformer 3-1, having a contribution to the Boltzmann population of41.1% (Figure
S8, Supporting Information), in which the measured distance between the vinylic H-2" and the
synperiplanar H-4'proR was 2.6 A, in co-existence with conformers 3-2, 3-3, and 3-4, with a
synperiplanar orientation between H-2" and H-4'proS, having a combined contribution of 44.2%
to the Boltzmann population.

A preferential use of a protocol involving simulations of the surrounding medium (PCM
solvation algorithm) was recognized for the deacetylated compounds (Table 5), as previously
described for related compounds.'?® These findings are in line with our recent reports on the
application of the DFT-NMR integrated approach!? for the *Jun calculations of some other
related flexible systems that indicate the necessity for a careful consideration of the overall DFT
population to integrate the population-averaged coupling constants as well as the theoretical
energies (AG) and spectroscopic properties (e.g., ECD)!? of the molecules capable of existing
in more than two conformers. Some drawbacks in the NMR calculations in structural terms and
conformer populations of highly flexible natural products could emerge if the population-
averaged coupling constants for the vicinal interacting protons to chiral centers in flexible
chains are not considered, since variations between the epimers are quite subtle.!? In order to
avoid ambiguities!” for the absolute configurations of the stereogenic centers at the side chains
of 6-alkyl-5,6-dihydro-2 H-pyran-2-ones, comparison between the Boltzmann-averaged oy and
3Jun values for signals that participate in the couplings with the chiral center protons is
required, but also a well-reproduced experimental 'H NMR spectrum (RMSD < 0.5 Hz),

employing spectral simulation. This task was achieved for compounds 3 and 5 by non-linear
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fitting to their simulated parameters through an iteration processing of chemical shifts, Jun,
and line widths based on the original 'H NMR plots'? using MestReNova software (Figures S1
and S2, Supporting Information). Accordingly, the convergence between the DFT calculated
and experimental 'H NMR chemical shifts and coupling constant values (*Jun) conformed a
single solution that correctly supported the conformational model for epimer differentiation at
the chiral center C-3’ for compounds 3 and S, which arose from the following results: (1) the
exact calculation for each conformer’s geometry; (2) the complete approximation of the free
energies and Boltzmann population for each analyzed stereoisomer; and (3) the appropriate
selection of the calculation method, as in this case BSLYP/DGDZVP.!* This approach also
allowed the understanding of the conformational behavior of these flexible bioactive natural
products in order to gain insight into the role of their interactions with molecular receptors, as
demonstrated by the high affinity for the pironetin-binding site of a-tubulin of these 6-heptyl-
5,6-dihydro-2 H-pyran-2-ones.

Two saturated o-lactones, pectinolides L (7) and M (8), were also isolated from H.
pectinata. Compound 7 gave a sodium adduct ion [M + Na]™ at m/z 365.15729, corresponding
to a molecular formula of C17H2607. A methoxy group was evident from a single signal at
03.28, which, in addition to the absence of the characteristic olefinic protons for the 5,6-
dihydro-a-pyrone skeleton, suggested the presence of a saturated &-lactone substituted at C-4

by a methoxy group (‘H and '*C NMR: Figures S25 and S26, Supporting Information). This
substituent was established as axially oriented from the coupling constants J3g4= 1.6 Hz, J30.4=

3.4 Hz, and J45=4.8 Hz.
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Table 5. Summary” of Theoretical’ and Experimental® >Ju i Coupling Constants for Compound
2-5, 10, and 14

compound data Jse Jor Jrz J23y J3apor I3 4pos RMSD
2 (55,65,3'S) theor gas phase 3.52 7.54 12.15 6.63 5.37 5.64 0.99
theor solvent 3.31 8.36 12.16 6.92 4.40 6.56 0.97

exp 299 820 1145 7.65 6.40 7.25
3(55,65,3'S) theor gas phase 4.29 4.56 12.54 9.36 7.14 5.50 1.13
theor solvent 3.86 5.92 12.30 9.54 6.31 6.20 0.87

exp 298 6.62 11.65 850 7.54 5.68
4 (55,6S5,3'S) theor gas phase 3.07 8.47 12.37 5.77 6.63 4.88 1.06
theor solvent 2.99 8.52 11.68 8.28 5.08 6.65 0.82

exp 3.30 7.65 11.70 7.60 6.70 6.40
5(55,65,3'R) theor gas phase 3.02 9.60 11.50 9.67 3.90 8.12 1.24
Theor solvent 2.73 9.51 11.48 9.51 5.12 7.26 0.90

exp 3.04 7.52 11.46 9.10 5.90 7.38

10 (55,65,1'S,2'R,3'S) theor gas phase 2.79 8.62 1.08 4.01 10.46 2.81 1.79
theor solvent 2.79 8.78 0.92 5.05 10.55 2.64 1.74
exp 2.30 9.50 095 5.60 7.20 5.05

14 (55,6S,1'S,2'R,3'R) theor gas phase 2.84 8.45 225 4.69 248 10.28 1.90

theor solvent 2.85 8.68 2.01 6.71 233 10.27  1.74
exp 2.50 10.0 1.30 6.50 5.50 7.86

“For full details on theoretical 'H-'H coupling constant calculations for each contributing conformer, refer to
Supporting Information. (Tables S5-S16).’Obtained from the DFT-optimized structures using DFT
B3LYP/DGDZVP in gas phase and DFT B3LYP/DGDZVP PCM in solution. Values were Boltzmann averaged
with equation X; J; x P;, where J; is the spin—spin coupling constant (in Hz) for each conformer and P; is the
population for the ith conformer calculated from AG values at 298 K and 1 atm.“Jiu values and line widths were
generated by iteration of these spectral parameters. 'H NMR spectrum obtained at 400 MHz from CDCl; solutions
using TMS as the internal standard.

The molecular formula of pectinolide M (8) was established as C15H240¢ from the [M +
Na]" at m/z 323.14680. The NMR data revealed that only one acetoxy group was present and
the multiplicities for the proton geminal to this group indicated that C-3' is the acylated position
(Figures S27 and S28, Supporting Information). Therefore, this natural product should have the

same substitution pattern as pectinolide C (3). The methoxy group was also confirmed as axially

oriented (J384 = 6.2 Hz, J304 = 3.6 Hz, and J45= 5.3 Hz). Compound 7 was identical to a
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derivative previously synthesized by base-catalyzed methanolysis of pectinolide A (1).* In
order to confirm the absolute configuration of 8, the above-mentioned reaction was also used
for the chemical correlation of compounds 4 and 8. TLC detected the presence of compounds
7 and 8 in the crude CH>Clz-soluble total extract. Also, these compounds were identified by
selective molecular ion search by UPLC-ESIMS analysis. These findings proved that
compounds 7 and 8 were produced as natural saturated o-lactones.

From the dichloromethane extract from leaves of H. monticola, two 6-heptyl-5,6-dihydro-
2H-pyran-2-ones named monticolides A (9) and B (10), were obtained by high-speed
countercurrent chromatography (HSCCC). Attempts to purify compound 10 from the natural
source were unsuccessful, since the fraction mainly containing this product was combined with
a complex mixture of structurally related 6-heptyl-5,6-dihydro-2H-pyran-2-ones. Acetylation
of the whole fraction afforded a tetracetylated derivative chromatographically and
spectroscopically identical with natural product 10. A chemical correlation of pectinolide A (1)
with monticolides A (9) and B (10) was accomplished by treatment with mCPBA/H>0,,
followed by acetylation.> The natural compound 10 was identical to the derivative obtained
from the acid-catalyzed hydrolysis of the epoxide intermediate, which would be formed by the
epoxidation of the less hindered re-si face of the side chain double bond to form the C-1'(S), C-
2'(S) epoxide, compound 12, followed by ring opening due to a nucleophilic attack of water at
the C-2' position, which generated diol 10. Comparison of the 'H NMR spectra registered for
derivative 10 and the one obtained for the CCC-fraction containing this natural product allowed
the conclusive identification of this product in the natural mixture (Figures S37, Supporting
Information). The absolute configuration for the threo-diol was validated as C-1'(S) and C-
2'(R) from the diagnostic Adu>F signs'* for the syn-1,2 bis-MTPA-diesters (14; Table 3).
Acetylation of derivative 10 also afforded the peracetylated derivative 9, which was identical

to the natural product isolated from H. monticola.
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14R =H
16 R = MTPA

On epoxidation followed by ring opening (mCPBA/H>03), pectinolide K (6) also afforded a
related 1,2-diol (14), derived from epoxide intermediate (15). Compound 14 was epimeric to
compound 10 at position C-3" as confirmed by the C-1'(S) and C-2'(R) absolute configurations
also deduced from the analysis of the bis-MTPA derivatives'* (16) (Table 3; '"H NMR: Figure
S36, Supporting Information). The configurational assignments for the chiral center C-3’ in this
epimeric pair was also deduced by DFT-NMR calculations, which confirmed the (S)-
configuration for derivative 10 as opposed to the (R)-configuration for compound 14 (Table 3).
A higher steric hindrance for the re-si face of the side chain double bond is observed for the
most stable conformer of compound 6 in comparison with the one calculated for its C-3’ epimer,
pectinolide A (1), which resulted from the inversion of configuration for the stereogenic center

C-3' (Figure S38, Supporting Information). Thus, the prevention of the interaction with the
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epoxidation reagent (m-CPBA) as a result of the spatial orientation of the C-3’ substituents at
the side chain could explain the selectivity for the epoxidation of the less hindered o-face of
the lactone ring double bond in compound 6 at room temperature to afford epoxide 17. In
contrast, the epoxidation of pectinolide I (4) afforded epoxides 18 and 19, which resulted from
the lack of 7 selectivity and reflected the absence of steric hindrance around the side chain
double bond as imposed by the acetyl substituents in compounds 1 and 6. Acetylation of
derivative 18 afforded the biosynthetic precursor of monticolides A (9) and B (10),
corresponding to a higher molecular weight homologue of asperlin (20), a 6-propyl-5,6-
dihydro-2H-pyran-2-one antibiotic with cytotoxic properties, isolated from marine-derived
Aspergillus species.'® This intermediate under an acid-catalyzed ring opening of the epoxide

yielded monticolide B (10).

OH OAc O

19 20
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Table 6. '"H NMR Data of Derivatives 14 and 17-19 (300 MHz in CDCls, 6 in ppm, and J in

Hz)

position 14

3 6.23 d (9.6)

4 7.13.dd (9.6, 6.1)
5 5.44dd (6.1, 2.5)
6 4.80 dd (10.0, 2.5)
I 4.20 dd (10.0, 1.3)
2 4.25dd (6.5, 1.3)
3 5.12 ddd (7.9, 6.5, 5.5)
4s  1.65m

4’ ror 1.65m

5! 1.34 m

6’ 1.34 m

7 0.92 t(7.1)
CH3;CO 2.12s

CH;CO 2.12s

17

3.68 d (3.8)
3.77dd (3.8, 3.5)
5.40 dd (3.5, 3.5)
5.70 dd (7.9, 2.2)
5.49 (114, 7.9)
5.58 (11.4,9.0)

5.33 ddd (9.0, 7.7, 6.2)

1.69 m
1.55m
1.34 m
1.34 m
0.92t(6.4)
2.14s
2.04s

18

6.18 dd (9.7)

7.05 dd (9.7, 5.7)
4.40dd (5.7, 2.9)
4.52dd (7.5,2.9)
3.11dd (7.5, 4.1)
3.53dd (4.1,7.3)

3.67td (7.3,5.6,3.1)

1.67m
1.67 m
1.30 m
1.30 m
0.93t(7.1)

19

6.16 d (9.8)

6.96 dd (9.8, 5.5)
4.32dd (3.3,5.5)
4.70 dd (7.0, 3.3)
3.54 dd (7.0, 4.3)
3.15 dd (8.8, 4.3)

3.84td (8.8, 6.1,3.7)

1.67 m
1.67 m
1.30 m
1.30 m
0.93t(7.1)

Table 7. *C NMR Data of Derivatives 14 and 17-19 (75 MHz in CDCl3, 6 in ppm, and J in

Hz)

position

2

3

4

5

6

17

2!

3/

4’

5/

6/

7[
CH;CO
CH;CO
CH;CO
CH;CO

14
161.2
124.8
140.4
61.3
77.2
58.8
69.9
75.2
30.4
27.0
223
13.9
171.8
169.5
21.2
20.5

17
165.5
51.7
48.5
68.2
71.7
133.3
125.4
69.7
38.6
25.1
22.4
14.1
169.7
170.1
21.0
21.1

18
161.8
123.1
144.0
61.7
71.7
58.8
52.8
69.1
34.6
27.3
22.6
14.0

19
161.9
123.2
144.2
61.8
79.4
56.1
58.9
68.1
354
27.3
22.6
14.2

The 5,6-dihydro-2H-pyran-2-one framework of the isolated compounds 1-6, 9 and 10,

constitutes the pharmacophoric moiety responsible for the cytotoxicity against a variety of

tumor cell lines (Table 8). The most significant values were for 6 with ICso values of 0.5-0.8
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UM. As expected, the saturated o-lactone, pectinolides L (7) and M (8), were non-cytotoxic
(Table 8). A molecular docking study'® was performed to identify possible binding modes
between these dihydropyrones and a-tubulin in order to recognize their cytotoxicity as a result
of their potential as alkylating agents. Previously, the model for the pironetin-tubulin complex
indicated that hydrogen-bonding interactions with pironetin occurs through Asn249, Asn258,
and Lys352, the latter with a distance of 3.69 A between the amino acid residue and the 3 carbon
atom of the a,f-unsaturated lactone (Figure 1), supporting the formation of a covalent adduct
for the most frequently found pironetin—tubulin complex with a docking energy of Er=—6.97
kcal/mol.’® Compounds 3, 6, 9, 10 and 12 were docked into the pironetin-binding site of o-
tubulin and this analysis showed that these 5,6-dihydro-2H-pyran-2-ones interact primarily
through stable hydrogen bonds with some amino acid residues (Phe351, Lys352, and Val353)
at the same a-tubulin unit proposed for the pironetin interaction®® and with similar binding
energies (Figure 5). Therefore, molecular docking analysis established that this class of
bioactive natural products could form a covalent bond to Lys352 via a 1,4-addition to the o, f-
unsaturated lactone. For the cytotoxic pectinolide K (6), the most frequently found and most
stable 5,6-dihydro-2H-pyran-2-one-tubulin complex was disclosed at £r= —5.80 kcal/mol and
displayed three hydrogen-bond interactions between the oxygen of the lactone ring with the
amide hydrogen of Val353, the carbonyl group of the acetyloxy residue at C-3' at the side chain,
and the amide hydrogen of Phe351, as well as the carbonyl group of the acetyloxy residue at
C-5 with the amide hydrogen of Lys352. Thus, the distance between the latter amino group and
the 3 carbon atom of the ¢, B-unsaturated lactone was 5.30 A, close enough to favor a Michael
addition (Figure S39, Supporting Information). The complex formed with pectinolide C (3; Er
= —5.82 kcal/mol) displayed the same interaction observed for compound 6 with Phe351 and
Val353 with a distance of 5.10 A for the 1,4-addition of Lys352 to the o, f-unsaturated lactone.

The most stable complex (Er= —4.34 kcal/mol) found for the interaction of monticolide A (9)
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with o-tubulin showed a distance of 4.70 A for the 1,4-addition of Lys352 to the o,
unsaturated lactone and represents a hydrogen-bond interaction between the carbonyl group of
the acetyloxy residue at C-1' and the amide hydrogen of Phe351. For monticolide B (10), the
most frequently found complex (Er=—5.16 kcal/mol) displayed a distance between the Lys352
amino group and the ¢, S-unsaturated lactone of 3.70 A, with three hydrogen-bond interactions
as observed for compound 6. The molecular docking for the intermediate epoxide 12 (MCF-7:
ICs03.2 uM) showed a distance of 4.20 A for the 1,4-addition of Lys352 to the ¢, S-unsaturated
lactone (Er = —4.82 kcal/mol) and displayed two hydrogen-bond interactions between the
carbonyl group of the acetyloxy residue at C-5 and the amide hydrogen of Val353 and the
epoxide oxygen with the amide hydrogen of Phe351. Although asperlin (20) disclosed a binding
mode higher in energy than that of pironetin (Ef = —4.21 kcal/mol), two hydrogen-bond
interactions were formed with Phe351 and Val353 with a distance of 5.20 A for the 1,4-addition
of Lys352 to support the formation of the covalent adduct. Probably, the high energy observed
for the complex asperlin-tubulin could be the result of the lack of additional oxygenated
substituents at the C-6 propyl side chain that could provide further points for hydrogen-bond
interactions with the amino acid residues of the protein to deliver additional complex
stabilization. Interestingly, in all surface scanning simulations carried out with 3, 6, 9 and 10,
there were no indication of a binding mode close to Cys316, in contrast with recent data
obtained in the solid state for pironetin.’ Thus, the 5,6-dihydro-2H-pyran-2-one framework is
a pharmacophore model for tubulin inhibitors to provide a better understanding of the cytotoxic

potential of these small-molecule tubulin-binding ligands.
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Table 8. Cytotoxicity of Natural Compounds 1-10 for Three Cancer Cell Lines

ICso (uM)?, 72 h

compound MCEF-7 HeLa HCT15
1 3.2 3.2 5.7
2 9.3 4.1 5.2
3 1.0 0.3 2.3
4 59 6.2 7.4
5 1.3 1.4 9.5
6 0.5 0.7 0.8
7 >10 >10 >10
8 >10 >10 >10
9 7.7 2.7 >10
10 9.8 6.9 9.9
vinblastine 0.012 0.011 0.011
pironetin 0.015 0.092 <0.015

“MCF-7 = breast carcinoma; HeLLa = cervix carcinoma; HCT-15 = colon carcinoma.

2.048A

1.882A Phe3s1

Lys352

NH,-Cp distance = 5.30 A
E,=-5.80

Figure 5. Structure of the most frequent and stable pectinolide K (6)-tubulin complex. Tubulin
a-subunit (cyan); 3-subunit (blue). The distance between the Lys352 amino group (red) and the
B carbon atom of the o,B-unsaturated lactone was 5.30 A, close enough to favor a Michael
addition. Docking energy (Erkcal/mol) and hydrogen bond distances are indicated.

72



5.3 EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were measured with a Perkin-Elmer
model 341 polarimeter using methanol as solvent. ECD curves were recorded on a JASCO J-
715 spectropolarimeter. NMR techniques and HPLC instrumentation were described in
preceeding papers.!® In brief, 'H and '*C NMR experiments were measured on a Varian
VNMRS-400 instrument, using tetramethylsilane as an internal standard. All NMR assignments
were confirmed by 2D experiments, including COSY, HSQC, and HMBC. NOE experiments
were registered on a Bruker Avance III HD spectrometer at 700 MHz. HPLC analyses were
carried out on a Waters instrument (Millipore Corp., Waters Chromatography Division, Milford
MA) with a 600E multisolvent delivery system and a 996 photodiode array detector. For the
MS analysis, a Thermo LTQ Orbitrap XL hybrid FT mass spectrometer (ThermoFisher, San
Jose, CA, USA) equipped with an electrospray ionization source was used. Each sample (1 mg)
was dissolved in 1 ml of MeOH and 250 uL were diluted with 100 uL of MeOH-H2O (9:1, v/v)
containing 0.1% formic acid supplemented with 1 yumol/L sodium formate and directly infused
into the ESI source. The detection parameters in the positive-ionization mode were set as
follows: capillary temperature at 275 °C; spray voltage 4.5 kV; capillary voltage 20 V, and 95
V for the tube lens; sheath gas flow 60 arbitrary units of nitrogen.

Plant Material. The aerial parts of Hyptis pectinata were collected in Dos Rios (19.29472°
N, 96.47375° W; Elev. 940 m) and camino al campo de tiro El Corso (19.29433° N, 96.48118
W; Elev. 943 m), Municipio de Emiliano Zapata, Veracruz, Mexico in October and December,
2009. An individual plant specimen of each collection was identified by Adriana Hernandez-
Rojas and deposited with the voucher accession numbers XAL0001406 and XAL0000286,
respectively, in the herbarium of the Instituto de Ecologia, Xalapa, Veracruz, Mexico. Leaves
of H. monticola were collected in the locality of Vale das Videiras, Petropolis, Rio de Janeiro,

Brazil (22.02196° S, 44.41166° W; Elev. 1812 m) in October, 2013. Professor Raymond Harley
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(Universidade Estadual de Feira de Santana, Bahia, Brazil) carried out the identification and a
voucher specimen was deposited in the herbarium of the Biology Institute, Universidade

Federal do Rio de Janeiro, under accession number RFA39927.

Extraction and Isolation. The aerial parts of H. pectinata from the Dos Rios collection
(2.77 kg) were powdered and extracted by maceration at room temperature with CH>Clo. The
extract was dried under reduced pressure to obtain 125.8 g of a greenish-brown residue
(collectionl). For the removal of triterpenes, the extract was dissolved in methanol (50 mL per
1.0 g of extract) and kept for twelve hours at 0 °C. The extract was filtered and concentrated
under reduced pressure to afford a triterpene-free extract. The same extraction procedure was
used to obtain the CH2Clz-soluble extract from El Corso collection (2.79 kg, 169.3 g of extract;
collection 2). For the removal of triterpenes, the extract was dissolved in a commercial mixture
of hexanes (75 mL per 2.0 g of extract) and extracted with the same volume of a mixture of
H>O-MeOH (4:1); the methanol was removed from the aqueous phase by concentration in

vacuum, followed by consecutive extractions using CH>Clz> and EtOAc.

Leaves from Hyptis monticola (1.05 kg) were dried in an oven at a temperature below 40
°C, pulverized in a Wiley mill, and extracted by macerations with ethanol-water (7:3). The
resulting solution was concentrated to remove the ethanol and subjected to liquid-liquid
partition with solvents of increasing polarity. The extracts were dried in a rotary evaporator to
afford n-hexane (4.06 g), dichloromethane (7.02 g), ethyl acetate (13.18 g) and n-butanol (22.72

g) extracts.

The resulting triterpene-free extract (18.74 g) from H. pectinata collection 1 was fractionated
using an open glass column packed with silica gel in a 1:20 ratio. The extract was adsorbed in
silica gel (1:1) and the column eluted using a gradient of n-hexane-CH>Clz, followed by

CH»>Clr-acetone and acetone-methanol in several proportions. A total of 65 eluates was obtained
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(500 mL each), which were combined in 15 fractions. Fraction 9 (2.0 g, eluted with CH,Cl> and
CHxClr-acetone, 9:1) was further fractionated by silica gel CC using a gradient of n-hexane-
EtOAc, and 40 eluates were obtained (50 mL each), which were combined in 12 subfractions.
Subfraction II (eluted with n-hexane-EtOAc, 4:1 and 7:3) afforded compound 6 (88.0 mg),
subfraction VI (eluted with n-hexane-EtOAc, 3:2) afforded compound 2 (16.4 mg), subfraction
VIII (eluted with n-hexane-EtOAc, 3:2) afforded compound 3 (20.3 mg), subfraction IV (eluted
with n-hexane-EtOAc, 7:3) afforded compound 7 (8.6 mg), and subfraction IX (eluted with n-
hexane-EtOAc, 7:3) afforded compound 8 (1.3 mg). Fraction 10 (1.8 g, eluted with CH>Cl>-
acetone, 9:1) was resolved by HPLC on a Symmetry Cig column (Waters, 7 um, 19 x 300 mm)
with an isocratic elution of MeOH-H>O (4:1) and a flow rate of 6.14 mL/min (sample injection,
500 uL; concentration, 0.05 mg/uL). The peak with fr value of 8.62 min was collected by the
heart-cutting technique to afford pure compound 5 (20 mg). Fraction 12 (1.6 g, eluted with
CHxClr-acetone, 7:3 and 1:1) was fractionated by silica gel CC, and seven pooled eluates were
collected. Eluate V (49.0 mg, eluted with n-hexane-EtOAc, 1:1) was also resolved by HPLC
on a Symmetry Cig column (Waters, 7 um, 19 x 300 mm) with an isocratic elution of MeOH-
H>O (8:2) and a flow rate of 6.14 mL/min (sample injection, 500 uL; concentration, 0.05
mg/uL). The peak with #r value of 10.12 min was collected by heart cutting and re-injected
(sample injection, 500 uL; concentration, 0.05 mg/uL) in the chromatograph operating in the
recycle mode to achieve total homogeneity after three cycles. These techniques afforded pure

compound 4 (10 mg).

The resulting triterpene-free extract (20.04 g) from collection 2 (H. pectinata) was
fractionated under the same conditions described above. A total of 49 eluates was obtained (500
mL each) and combined in 11 fractions. Fraction 4 (0.6 g, eluted with CH>Cly-acetone, 95:5
and 9:1) was further fractionated in silica gel CC using a gradient of n-hexane-EtOAc and 47

eluates were obtained (50 mL each), which were combined into 10 subfractions. Subfraction II
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(eluted with n-hexane-EtOAc, 4:1) afforded compound 1 (15.0 mg) and subfraction III (eluted
with n-hexane-EtOAc, 7:3) afforded compound 2 (4.2 mg). Fraction 9 (0.89 g, eluted with
CHxClr-acetone, 3:7) was resolved by HPLC on a Symmetry Cig column (Waters, 7um, 19 x
300 mm) with an isocratic elution of MeOH-H>O (8:2) and a flow rate of 6.14 mL/min (sample
injection, 500 u«L; concentration, 0.05 mg/uL) to yield pure compound 4 (10 mg).

Part of the CH>Cl>-soluble extract (500 mg) from H. monticola was fractionated by HSCCC
in a HTPrepTM Quattro CCC, equipped with a JASCO PU-2089s Plus pump and a fraction
collector Merck L-7650 (HTPrep). The solvent system was n-hexane-EtOAc-MeOH-H>O
(0.8:1:0.8:1) prepared in a separation funnel at room temperature.’’ The two phases were
separated and degassed by sonication for 5 min. Then, the CCC column was first filled with the
stationary phase (aqueous lower phase), and after set setting the rotation, the mobile phase
(organic upper phase) was pumped in. Samples were dissolved in equal volumes of phases and
were injected after the hydrodynamic equilibrium inside the column was reached. The
stationary phase retention (Sf) before injection was 84.2%. The CH>Cl, extract was fractionated
using the 95-mL coil, with a flow rate of 3 mL/min (upper phase as mobile), 860 rpm. A total
of 65 fractions (3 mL) were collected with the rotation on. Afterwards, 30 additional fractions
were collected pumping out the mobile phase. Fractions 14-21 afforded impure monticolide A
(9, 32.9 mg), which was further purified by HPLC, silica gel column pPorasil, (3.9 x 300 mm,
10 um), n-hexane-EtOAc as mobile phase, flow rate 2,0 mL/min, retention time 13.5 min.

Fractions 56-67 afforded a complex mixture of 6-heptyl-5,6-dihydro-2H-pyran-2-ones.

Pectinolide A (1): colorless oil; [a]p +202 (¢ 0.15, MeOH); 'H and '3C NMR, see Supporting

Information, which was identified by comparison with an authentic sample.*

Pectinolide B (2): colorless oil; [a]p +90 (c 0.57, MeOH). 'H and '*C NMR, see Supporting

Information, which was identified by comparison with an authentic sample.
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Pectinolide C (3): colorless oil; [a]p +81 (c 0.76, MeOH). 'H and '3C NMR, see Supporting

Information, which was identified by comparison with an authentic sample. >

Pectinolide I (4): colorless oil; ORD (c 0.20, MeOH) [a]sso +12.5, [a]578 +13.0, [a]s46 +15.5,
[a]436 +27.5; ECD (c 8.8 x 10° M, MeOH) Amax (45) 206 (+1.09), 212 (-0.90), 235 (+2.86), 263
(-0.26), 289 (+1.32); 'H NMR (400 MHz, CDCls) and '3C NMR (100 MHz, CDCls) data
(Figures S19 and S20, Supporting Information), see Tables 1 and 2; positive HRESIMS m/z

249.10969 (calcd for C12H1304+ Na' requires 249.10973, §=—0.1 ppm).

Pectinolide J (5): colorless oil; ORD (c 0.39, MeOH) [a]589 163.8, [a]578 165.9, [a]546 +76.4,
[]436 +143.3; ECD (c 7.5 x 10° M, MeOH) Amax (4:) 228 (+2.56), 251 (-0.65), 278 (+0.57); 'H
NMR (400 MHz, CDCl3) and *C NMR (100 MHz, CDCl;) data (Figures S4 and S22,
Supporting Information), see Tables 1 and 2; positive HRESIMS m/z 291.12061 (calcd for

Ci4H2005+ Na', 291.12029, 5= +1.1 ppm).

Pectinolide K (6): colorless oil; ORD (c 0.15, MeOH) [a]sgo +98.7, [a]s7s +103.3, [a]s46
+120.0, [a]436 +224.0, [a]365 +402.8; ECD (c 6.4 x 10° M, MeOH) Amax (4:) 214 (+24.7), 246
(+1.20), 265 (+2.45); 'H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCls) data
(Figures S23 and S24, Supporting Information), see Tables 1 and 2; positive HRESIMS m/z

333.13078 (caled for C16H2206 + Na' requires 333.13086, 5= —0.2 ppm).

Pectinolide L (7): colorless oil; ORD (c 0.04 CHCl3) [a]589—0.6, [a]578 —0.6, [at] 546 —1.2, [t]436
+1.8, [o365 +5.3; ECD (¢ 5.0 x 10° M, MeOH) Jmax (4s) 208 (+2.10); 'H NMR (400 MHz,
CDCIs) and '*C NMR (100 MHz, CDCl;) data (Figures S25 and S26, Supporting Information),
see Tables 1 and 2; positive HRESIMS m/z 365.15729 (caled for C17H2607+ Na', 365.15707,

0= +0.6 ppm).
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Pectinolide M (8): colorless oil; ORD (¢ 0.17 CHCl3) [a]sso —7.5, [a]s78 -7.5, [a]s46 —2.5,
[a]a36 +2.5, [@]365+10.0; ECD (¢ 5.0 x 10° M, MeOH) Amax (4:) 206 (+2.4); 'H NMR (400 MHz,
CDCl3) and '3C NMR (100 MHz, CDCls) data, see Tables 1 and 2 (Figures S27 and S28,
Supporting Information); positive HRESIMS m/z 323.14680 (calcd for CisH2406 + Na®,

323.14651, 5= +0.9 ppm).

Monticolide A (9): colorless oil; ORD (¢ 0.06, MeOH) [a]sg0 +83.3, [a]s78 +85.0, [a]s46
+100.0, [a]436 +196.7, [a]sss +363.3; ECD (¢ 4.7 % 105 M, MeOH) Amax (45) 209 (+34.30), 254
(=1.31), 268 (+0.75); 'H and '3C NMR, see Figures S29 and S30, Supporting Information;

positive HRESIMS m/z 451.15810 (calcd for C20H23010+ Na', 451.15746, §=+1.4 ppm).

Monticolide B (10): colorless oil; ORD (¢ 0.39, CHCI3) [a]sso +91.4, [a]s7s +94.9, [a]s46
+110.3, [a]436 +210.8, [a]365 +391.4; ECD (c 4.0 x 10> M, MeOH) Amax (4:) 209 (+35.12), 255
(—1.52), 268 (+0.81); 'H and '*C NMR, see Figures S31 and S32, Supporting Information;

positive HRESIMS m/z 367.13601 (calcd for Ci16H2408+ Na*, 367.13634, 5= —0.9 ppm).

Oxidation of Compounds 1 and 6 with m-Chloroperbenzoic Acid/H202. Compounds 1
and 6 (25.0 mg each) were individually dissolved in CH2Cl, (10.0 mL), m-CPBA (18.0 mg)
and 0.5 mL H>0» (50%) were added, and the mixture stirred and refluxed for three days. The
reaction mixture of compound 1 was separated by silica gel CC using a gradient of
CHCI3/MexCO, fractions eluted with CHCI3-Me>CO (4:1), to afford compound 10 (14.6 mg).
In the case of compound 6, the mixture was separated in silica gel CC using a gradient of n-

hexane/EtOAc, fractions eluted with n-hexane-EtOAc (6:4), to afford compound 14 (3.0 mg).

Derivative 14.: colorless oil; ORD (¢ 0.29, CHCI3) [a]589 +104.2, [a]578 +109.7, [a] 546 +127.0,

[a]a36+240.6, [a]365 +447.3; "TH NMR (300 MHz, CDCl3) and '*C NMR (75 MHz, CDCls) data
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(Figures S33 and S34, Supporting Information), see Tables 1 and 2; 367.13689 (calcd for

C16H2405+ Na*, 367.13634, 5= +1.5 ppm).

Oxidation of Compounds 4 and 6 with m-Chloroperbenzoic Acid. Compounds 4 and 6
(25.0 mg each) were dissolved in CH>Cl» (5.0 mL) and treated with m-CPBA (18.0 mg) at room
temperature for 48 h. For compound 4, the mixture obtained was separated by silica gel CC
using a gradient of n-hexane/EtOAc, fractions eluted with n-hexane-EtOAc (11:9) were
separated by HPLC on a gPorasil column (Waters, 10 um, 3.9 x 300 mm), with a isocratic
elution of n-hexane-EtOAc (1:1) and a flow rate of 0.3 mL/min (sample injection, 20 uL;
concentration, 0.2 mg/uL). The peaks with #z values of 17.32 min and 20.01 min were collected
to afford pure compounds 18 and 19. The reaction mixture of compound 6 was separated by
silica gel CC, using a gradient of CHCI3-EtOAc, and the fractions eluted with CHCl3-EtOAc

(24:1) afforded compound 17 (21.5 mg).

Preparation of (R)- and (S)-MTPA Ester Derivatives of Compounds 4, 10 and 14. Each
compound (2.0 mg each) was independently dissolved in 0.5 mL of CDCls. This solution was
transferred into two clean NMR tubes and 4-(dimethylamino)pyridine (0.8 mg), N,N'-
dicyclohexylcarbodiimide (20 mg), pyridine-ds (0.1 mL), and 20 uL of (S)- or (R)-a-methoxy-
a-(trifluoromethyl) phenylacetyl chloride [(S)- or (R)-MTPA-CI] were added.?! The reaction

mixtures were purged with nitrogen and left for 24 h, then the "H NMR spectra were recorded.

Hydrolysis of Pectinolide I (4): Compound 4 (5 mg) was dissolved in 5 mL MeOH/H>O
(80 %) containing 0.1 M KOH (2 mL) and stirred for 3 h. The usual workup of the reaction
gave an oily residue that was purified by HPLC on a Symmetry Cig column (Waters, 7 um, 19
x 300 mm) with an isocratic elution of MeOH-H>O (8:2) and a flow rate of 4.5 mL/min, to
afford 3.5 mg of 8 (zr 10.8 min), which was identical with an authentic sample of the natural

product.
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Computational Methods. Molecular building and the Monte Carlo searches for all
compounds were carried out in the Spartan’l0 program using the MMFF94 force-field
calculations followed by single-point DFT calculations. All structures were DFT-optimized in
the Gaussian 09 program on a Linux operating system in the HP Cluster Platform Intel E2670
with 5312 processors and 15 000 gigabytes RAM. The optimized structures were used to
calculate the thermochemical parameters at 298 K and 1 atm. The free energy values were
obtained from the vibrational frequency calculations as the sum electronic and thermal free
energies. The Gibbs free energy equation (4G = —RT In K) was used to obtain the
conformational populations, taking into account a cyclic equilibrium between the selected
conformers within a AG = 0-3 kcal/mol range. Magnetic shielding tensors were calculated with
the GIAO method and the NMR spin-spin coupling constants (SSCC) J were obtained by the
sum of the Fermi contact, the diamagnetic spin-orbit, spin-dipolar, and paramagnetic spin-orbit
values calculated from B3LYP/DGDZVP-optimized structures. Calculations taking into
account the solvent (CHCl3) were carried out starting from DFT-optimized structures.
Geometry optimization at the DFT B3LYP/DGDZVP level, calculation of the vibrational
frequencies, thermochemical parameters, magnetic shielding tensors, 'H and *C NMR
chemical shifts and the total "H-"H spin-spin coupling constants were also calculated using the
PCM solvation algorithm included in the Gaussian 09 program.?? For each job, eight processors
were used, and each conformer required three different DFT jobs: geometric optimizations,

frequency calculation, and SSCC estimations.

Spectral Simulation. Spectral simulation of "H NMR chemical shifts and *Juu coupling
constants was performed through nonlinear adjustment of the spectral parameters with the

original recorded spectra using MestReNova.
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Docking Study. The AutoDock Tools 1.5.6 package (The Scripps Research Institute, La
Jolla, CA) was employed for addition of polar hydrogen atoms, Gasteiger-Marsili charges, and
solvation parameters to the 1JFF.PDB structure of a,f-tubulin which was combined with the
molecular model of the analyzed 5,6-dihydro-2 H-pyran-2-ones 3, 6, 9, 10, and 12, as previously
described for pironetin.”® Docking was carried out with AutoDock 4.2 software (The Scripps
Research Institute, La Jolla, CA, USA) using the default parameters. The entire system was
subjected to a surface scanning and refined docking, considering the alys352 residue as
flexible and a grid box size set at 40 A x 40 A x 40 A in the x, y, and z dimensions centered at
the nitrogen atom of the aLys352 residue. The Lamarckian genetic algorithm was applied.

During the docking experiment, 100 runs were carried out.

Cytotoxicity Assays. Cytotoxic activity was evaluated by the sulforhodamine B (SRB)
assay, as previously described.?® All isolates were screened in vitro against three human cancer

cell lines: HCT-15 (colorectal), HeLa (cervix), and MCF-7 (breast).?*

ASSOCIATED CONTENT
Supporting Information

'H and '3C NMR spectra for natural products 4-10 and derivative 14. Simulated vs experimental
"H NMR spectra of 3 and 5. MTPA ester derivatives 11 and 16. DFT B3LYP/DGDZVP total
free energies, population, NMR chemical shifts, 'H-'H coupling constants, and NOE
experiments of stereoisomers 3-5. XYZ coordinates for all computed structures of 3 and 5. This

material is available free of charge via the Internet at http://pubs.acs.org.
AUTHOR INFORMATION

Corresponding Author

*Tel: +52 55 5622-5288. Fax: +52 55 5622 5329. E-mail: pereda@unam.mx.

81


http://pubs.acs.org/

Author Contributions

Taken in part from the Ph.D. thesis of L. Martinez-Fructuoso (Posgrado en Ciencias Quimicas,

UNAM).

ORCID
Lucero Martinez-Fructuoso: 0000-0002-2279-5479

Rogelio Pereda-Miranda: 0000-0002-0542-0085
Mabel Fragoso-Serrano: 0000-0002-7693-8391
Carlos M. Cerda-Garcia-Rojas: 0000-0002-5590-7908

Suzana Guimaraes Leitdo: 0000-0001-7445-074X

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS

Financial support was provided by CONACyT (Mexico, CB220535), DGAPA, (UNAM,
IN215016), CNPq and FAPERJ (Brazil). We are indebted to Direccion General de Servicios de
Coémputo Académico (UNAM: LANCAD-UNAM-DGTIC-204) for providing the resources to
carry out computational calculations at Miztli supercomputer, and to the technical personnel of
USAII, Facultad de Quimica (UNAM) for the recording of NMR spectra (especially to N.
Lopez Balbiaux and R. I. del Villar Morales). L.M.F. is grateful to CONACYyT for a graduate

student scholarship (288963).

82



REFERENCES

(1) Harley, R. M.; Atkins, S.; Budantsev, A. L.; Cantino, P. D.; Conn, B. J.; Grayer, R.; Harley, M. M.; De Kok,
R.; Krestovskaja, T.; Morales, R.; Paton, A. J.; Ryding, O.; Upson, T. Flowering Plants. Dicotyledons, Vol. 7.
Kadereit, J. W., Ed.; Springer-Verlag: Berlin, 2004, pp 167-275.

(2) (a) Agra, M. de F.; Franca de Freitas, P.; Barbosa-Filho, J. M. Rev. Bras. Farmacogn. 2007, 17, 114-140. (b)
Pereda-Miranda, R. Phytochemistry of Medicinal Plants. Arnason, J. T., Mata, R., Romeo, J. T., Eds.; Plenum:
New York, 1995; pp 83—-112.

(3) (a) Pereda-Miranda, R.; Hernandez, L.; Villavicencio, M. J.; Novelo, M.; Ibarra, P.; Chai, H.; Pezzuto, M. J.
J. Nat. Prod. 1993, 56, 583-593. (b) Fragoso-Serrano, C.; Gibbons, S.; Pereda-Miranda, R. Planta Med. 2005, 71,
278-280.

(4) Novelo, M.; Cruz, J. G.; Hernandez, L.; Pereda-Miranda, R.; Chai, H., Mar, W.; Pezzuto, J. M. J. Nat. Prod.
1993, 56, 1728-1736.

(5) Arrigoni-Blank, M. F.; Antoniolli, A. R.; Caetano, L. C.; Campos, D. A.; Blank, A. F.; Alves, P. B.
Phytomedicine 2008, 15, 334-339.

(6) Falcao, R. E. A.; de Souza, S. A.; Camara, C. A.; Quintans, J. S. S.; Santos, P. L.; Correia, M. T.; Silva, T. M.
S.; Lima, A. A. N.; Quintans-Junior, L. J.; Guimaraes, A. G. Rev. Bras. Farmacogn. 2016, 26, 203-208.

(7) (a) Nascimento, P. F. C.; Alviano, W. S.; Nascimento, A. L. C.; Santos, P. O.; Arrigoni-Blank, M. F.; de Jesus,
R. A.; Azevedo, V. G.; Alviano, D. S.; Bolognese, A. M.; Trindale, R. C. Oral Dis. 2008, 14, 485-489. (b) Santos,
P.0O.; Costa, M. de J. C.; Alves, J. A. B.; Nascimento, P. F. C.; de Melo, D. L. F. M.; Barbosa Jr., A. M.; Trindade,
R. de C.; Blank, A. F.; Arrigoni-Blank, M. F.; Alves, P. B.; do Nascimento, M. P. F. Quim. Nova 2008, 31, 1648—
1652. (c) Perera, W. H.; Bizzo, H. R.; Gama. P. E.; Alviano, C. S.; Salimena, F. R.; Alviano, D. S.; Leitdo, S. G.
J. Essent. Oil Res. 2017, 29, 109-116.

(8) (a) Falomir, E.; Murga, J.; Ruiz, P.; Carda, M.; Marco, J. A.; Pereda-Miranda, R.; Fragoso-Serrano, M.; Cerda-
Garcia-Rojas, C. M. J. Org. Chem. 2003, 68, 5672-5676. (b) Bjerketorp, J.; Levenfors, J. J.; Sahlberg, C.; Nord,
C. L.; Andersson, P. F.; Guss, B.; Oberg, B.; Broberg, A. J. Nat. Prod. 2017, 80, 2997-3002.

(9) (a) Usui, T.; Watanabe, H.; Nakayama, H.; Tada, Y.; Kanoh, N.; Kondoh, M.; Asao, K.; Takio, K.; Watanabe,
H.; Nishikawa, K.; Kitahara, T.; Osada, H. Chem. Biol. 2004, 11, 799-806. (b) Banuelos-Hernandez, A. E.;
Mendoza-Espinoza, J. A.; Pereda-Miranda, R.; Cerda Garcia-Rojas, C. M. J. Org. Chem. 2014, 79, 3752-3764.
(c) Yang, J.; Wang, Y.; Wang, T.; Jiang, J.; Botting, C. H.; Liu, H.; Chen, Q.; Yang, J.; Naismith, J. H.; Zhu, X.;
Chen, L. Nat. Commun. 2016, 7, 12103.

83


https://www.ncbi.nlm.nih.gov/pubmed/27357539

(10) (a) Kingston, D. G. J. Nat. Prod. 2009, 72, 507-515. (b) Steinmetz, M. O.; Prota, A. E. Trends Cell Biol.
2018, 28, 776-792.

(11) (a) Achman, S.; Hoyer, T.; Kjaer, S.; Makmur, L.; Norrestam, R. Acta Chem. Scand. 1987, B41, 599-609. (b)
Boalino D. M.; Connolly J. D.; McLean S.; Reynolds W. F.; Tinto, W. F. Phytochemistry 2003, 64, 1303—-1307.
(12) (a) Lopez-Vallejo, F.; Fragoso-Serrano, M.; Sudrez-Ortiz, G. A.; Hernandez-Rojas, A.; Cerda-Garcia-Rojas,
C. M.; Pereda-Miranda, R. J. Org. Chem. 2011, 76, 6057—6066. (b) Juarez-Gonzalez, F.; Suarez-Ortiz, G. A.;
Fragoso-Serrano, M.; Cerda-Garcia-Rojas, C. M.; Pereda-Miranda, R. Magn. Reson. Chem. 2015, 53, 203-212.
(c) Suarez-Ortiz, G. A.; Cerda-Garcia-Rojas, C. M.; Fragoso-Serrano, M.; Pereda-Miranda, R. J. Nat. Prod. 2017,
80, 181-189.

(13) (a) Davies-Coleman, M. T.; Rivett, D. E. A. In Progress in the Chemistry of Organic Natural Products; Herz,
W.; Grisebach, H.; Kirby, G. W.; Tamm, C., Eds.; Springer: New York, 1989, Vol. 55, pp 1-35. (b) Collett, L. A.;
Davies-Coleman, M. T.; Rivett, D. E. A. In Progress in the Chemistry of Organic Natural Products; Herz, W.;
Falk, H.; Kirby, G. W.; Moore, R. E.; Tamm, C., Eds.; Springer-Verlag: New York, 1998, Vol. 75, pp 182-209.
(14) (a) Seco, J. M.; Martino, M.; Quifio4, E.; Riguera, R. Org. Lett. 2000, 2, 3261-3264. (b) Seco, J. M.; Quifio4,
E.; Riguera, R. Chem. Rev. 2004, 104, 17-117. (¢) Seco, J. M.; Quifioa, E.; Riguera, R. Chem. Rev. 2012, 112,
4603-4641.

(15) (a) Sabitha, G.; Das, S. K.; AnkiReddy, P.; Yadav, J. S. Tetrahedron Lett. 2013, 54, 1097—1099. (b) Ghogare,
R. S.; Wadavrao, S. B.; Narsaiah, A. V. Helv. Chim. Acta 2016, 99, 247-254.

(16) Gil, R. R.; Navarro-Vazquez, A. Modern NMR Approaches to the Structure Elucidation of Natural Products;
Williams, A. J.; Martin, G. E.; Rovnyak, D., Eds.; Royal Society of Chemistry:

Cambridge, UK, 2016; pp 1-38.

(17) (a) Rahman, M. M.; Gibbons, S. Fitoterapia 2015, 105, 269-272. (b) Rivera-Chavez, J.; Figueroa, M.;
Gonzalez, M. D.; Glenn, A. E.; Mata, R. J. Nat. Prod. 2015, 78, 730-735.

(18) Lee, Y. M.; Kim, M. J.; Li, H.; Zhang, P.; Bao, B.; Lee, K. J.; Jung, J. H. Mar. Biotechnol. 2013, 15, 499—
519.

(19) Niu, M. M.; Qin, J. Y.; Tian, C. P.; Yan, X. F.; Dong, F. G.; Cheng, Z. Q.; Fida, G.; Yang, M.; Chen, H.; Gu,
Y. Q. Acta Pharmacol. Sin. 2014, 35, 967-979.

(20) de Souza Figueiredo, F.; Celano, R.; de Sousa Silva, D.; das Neves Costa, F.; Hewitson, P.; Ignatova, S.;

Piccinelli, A. L.; Rastrelli, L., Leitdo, S. G.; Leitdo, G. G. J. Chromatogr. A. 2017, 1481, 92—-100.

84



(21) (a) Fragoso-Serrano, M.; Gonzalez-Chimeo, E.; Pereda-Miranda, R. J. Nat. Prod. 1999, 62, 45-50. (b) Hoye,
T. R.; Jeffrey, C. S.; Shao, F. Nat. Protoc. 2007, 2, 2451-2458.

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.;
Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.;
Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.;
Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, N. J.; Klene,
M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth,
G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.;
Cioslowski, J.; Fox, D. J. Gaussian 09, Revision A.1, Gaussian, Inc., Wallingford CT, 2009.

(23) Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica, D.; Warren, J. T.; Bokesch, H.;
Kenney, S.; Boyd, M. R. J. Natl. Cancer Inst. 1990, 82, 1107-1112.

(24) Figueroa-Gonzalez, G.; Jacobo-Herrera, N.; Zentella-Dehesa, A.; Pereda-Miranda, R. J. Nat. Prod. 2012, 75,

93-97.

85



86



5.1 Informacion suplementaria

Structure Elucidation, Conformation, and Configuration of Cytotoxic 6-
Heptyl-5,6-dihydro-2H-pyran-2-ones from Hyptis Species and their
Molecular Docking to a-Tubulin

Lucero Martinez-Fructuoso,’ Rogelio Pereda-Miranda,* Daniel Rosas-Ramirez,

Mabel Fragoso-Serrano,” Carlos M. Cerda-Garcia-Rojas,* Aline Soares da Silva,’

Gilda Guimaries Leitdo, ! and Suzana Guimaries Leitdo®

"Departamento de Farmacia, Facultad de Quimica, Universidad Nacional Auténoma de

México, Ciudad Universitaria, Mexico City 04510, Mexico

*Departamento de Quimica, Centro de Investigaciéon y de Estudios Avanzados del Instituto

Politécnico Nacional, A. P. 14-740, Mexico City 07000, Mexico

SFaculdade de Farmacia, Universidade Federal do Rio de Janeiro, CCS, Bloco A, Ilha do
Fundao, 21941-590, Rio de Janeiro, Brazil

Lnstituto de Pesquisas de Produtos Naturais, Universidade Federal do Rio de Janeiro, CCS,

Bloco H, Ilha do Fundao, 21941-590, Rio de Janeiro, Brazil

87



Table of contents

Table S1. Comparison between DFT and experimental 'H NMR chemical shifts
for the most relevant conformers of 3.

Table S2. Comparison between DFT and experimental 'H NMR chemical shifts
for the most relevant conformers of 3 considering PCM solvation in CHCIl3

Table S3. Comparison between DFT and experimental 'H NMR chemical shifts
for the most relevant conformers of 5.

Table S4. Comparison between DFT and experimental 'H NMR chemical shifts
for the most relevant conformers of 5 considering PCM solvation in CHCIs.

Table S5. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-'H couplings for the most relevant
conformers of 2.

Table S6. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-'H couplings for the most relevant
conformers of 2 considering PCM solvation in CHCls.

Table S7. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-'H couplings for the most relevant
conformers of 3.

Table S8. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-'H couplings for the most relevant
conformers of 3 considering PCM solvation in CHCls.

Table S9. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-'H couplings for the most relevant
conformers of 4.

Table S10. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental "H-"H couplings for the most relevant
conformers of 4 considering PCM solvation in CHCIs.

Table S11. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-"H couplings for the most relevant
conformers of 5.

Table S12. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-"H couplings for the most relevant
conformers of § considering PCM solvation in CHCIs.

Table S13. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-"H couplings for the most relevant
conformers of 10.

page

88

&9

90

91

92

93

94

95

96

97

98

99

100

88



Table S14. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-'H couplings for the most relevant
conformers of 10 considering PCM solvation in CHCls.

Table S15. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-'H couplings for the most relevant
conformers of 14.

Table S16. DFT B3LYP/DGDZVP relative free energies, population, and
comparison between DFT and experimental 'H-'H couplings for the most relevant
conformers of 14 considering PCM solvation in CHCls.

Table S17. Comparison between DFT and experimental *C NMR chemical shifts
for the most relevant conformers of 3.

Table S18. Comparison between DFT and experimental *C NMR chemical shifts
for the most relevant conformers of 3 in CHCls.

Table S19. Comparison between DFT and experimental *C NMR chemical shifts
for the most relevant conformers of 5.

Table S20. Comparison between DFT and experimental *C NMR chemical shifts
for the most relevant conformers of 5 in CHCls.

Table S21. 'H NMR Data of compounds 2 and 4 obtained by non-linear fit of the
spectra to spectral parameters.

Table S22. "H NMR Data of compounds 3 and 5 obtained by non-linear fit of the
spectra to spectral parameters.

Table S23. 'H NMR Data of compounds 10 and 14 obtained by non-linear fit of
the spectra to spectral parameters.

Figure S1. Simulated and experimental '"H NMR spectrum of 3.
Figure S2. Simulated and experimental 'H NMR spectrum of 5.

Figure S3. RMSD values for different percentajes of hydrogen bonded
conformations of 3.

Table S24. Corrected theoretical coupling constant for different percentages of
hydrogen bonded conformations of 3.

Figure S4. A) 3C NMR spectrum of pectinolide C (3); B) '3C NMR spectrum of
pectinolide J (5).

Figure S5. A) "H NMR spectrum of pectinolide C (3); B) '"H NMR spectrum of
pectinolide J (5) in CDCI3 (700 MHz).

101

102

103

104

105

106

107

108

108

109

110

111

112

112

113

114

89



Figure S6. NOE difference spectrum of pectinolide C (3) with 'H NMR spectrum
for comparison in CDCl3 (700 MHz). Vertical arrow indicate the irradiation
frequency of H-2" ( 6 = 5.66).

Figure S7. NOE difference spectrum of pectinolide J (5) with '"H NMR spectrum for
comparison in CDClz (700 MHz). Vertical arrow indicate the irradiation frequency
of H-2" (6 =5.72).

Figure S8. The four most relevant conformers of 3 modeled in CHCI3 solution and
their contribution to the NOE effect between H-2" and H-4".

Figure S9. The four most relevant conformers of 2 modeled in gas phase.

Figure S10. The four most relevant conformers of 2 modeled in CHCI; solution.
Figure S11. The four most relevant conformers of 3 modeled in gas phase.
Figure S12. The four most relevant conformers of 4 modeled in gas phase.
Figure S13. The four most relevant conformers of 4 modeled in CHCI; solution.
Figure S14. The four most relevant conformers of § modeled in gas phase.
Figure S15. The four most relevant conformers of 10 modeled in gas phase.
Figure S16. The four most relevant conformers of 10 modeled in CHCI3 solution.
Figure S17. The four most relevant conformers of 14 modeled in gas phase.
Figure S18. The four most relevant conformers of 14 modeled in CHCI3 solution.

Physical and spectroscopic of pectinolides A-C (1-3).
Figure S19. '"H NMR spectra of pectinolide I (4) in CDCl3 (400 MHz).
Figure S20. 3C NMR spectra of pectinolide I (4) in CDCl3 (100 MHz).

Figure S21. 'H (400 MHz; insert) and '*C (100 MHz) NMR spectra of pectinolide
I (4) in CD;0OD.

Figure S22. '"H NMR spectra of pectinolide J (5) in CDCls (400 MHz).
Figure S23. 'H NMR spectra of pectinolide K (6) in CDCl3 (400 MHz).
Figure S24. 3C NMR spectra of pectinolide K (6) in CDCl3 (100 MHz).

Figure S25. '"H NMR spectra of pectinolide L (7) in CDCl3 (400 MHz).

115

116

117

118

118

119

119

120

120

121

121

122

122

123

124

125

126

127

128

129

130

90



Figure S26. '3C NMR spectra of pectinolide L (7) in CDCl3 (100 MHz).
Figure S27. '"H NMR spectra of pectinolide M (8) in CDCl3 (400 MHz).
Figure S28. 3C NMR spectra of pectinolide M (8) in CDCl3 (100 MHz).
Figure S29. 'H NMR spectra of monticolide A (9) in CDCls (400 MHz).
Figure S30. '3C NMR spectra of monticolide A (9) in CDCls (100 MHz).
Figure S31. '"H NMR spectra of monticolide B (10) in CDCl; (400 MHz).
Figure S32. 3C NMR spectra of monticolide B (10) in CDCl; (100 MHz).
Figure S33. 'H NMR spectra of derivate 14 in CDCl3 (300 MHz).

Figure S34. '3C NMR spectra of derivate 14 in CDCIs (75 MHz).

Figure S35. '"H NMR spectra of R- (cyan) and S-MTPA (red) ester derivatives 11
of compound 4 in CDCI3 (300 MHz).

Figure S36. '"H NMR spectra of S- (cyan) and R-MTPA (red) ester derivatives (16)
of compound 14 in CDCl3 (300 MHz). The preparation of these derivatives was
performed in NMR tubes and 'H spectra were recorded directly without
purification of reaction mixtures.

Figure S37. Comparison of the 'H NMR spectra (300 MHz in DMSO) for the
mixture of 6-heptenyl-5,6-dihydro-2H-pyran-2-ones from the analysed fraction of
H. monticola (red) and monticolide B (10; black).

Figure S38. The most relevant conformer of pectinolides A (1) and K (6) modeled ir
phase. Arrows indicate the less hindered face of the side chain double bond for the
interaction with epoxidation reagent (mCPBA).

Figure S39. Complexes between docked compounds (3, 6, 9, 10, 12 and 20) and
tubulin (A-F). The distance between the Lys352 amino group and f carbon of the
a,f-unsaturated lactone (NH2-Cp), the docking energy (£), and the hydrogen bond
distances are indicated.

Coordinates for all computes conformers of epimers 3 and 5.

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

91



Table S1. Comparison between DFT and experimental 'H NMR chemical shifts for the most relevant conformers of 3.

Conformer 4G
3-1 0
3-2 0.2391
3-3 1.3391
34 1.4213
3-5 1.6202
3-6 1.8417
3-7 2.0281
3-8 2.4059
3-9 2.5157
3-10 2.5546
3-11 2.7108
3-12 2.8621
3-13 3.0309
3-14 3.0635

Weighted values®

Pb
0.4807
0.3211
0.0501
0.0436
0.0312
0.0215
0.0157
0.0083
0.0069
0.0064
0.0050
0.0038
0.0029
0.0027

Experimental values?

2 In kcal/mol.

RMSD

H3
6.0544
6.0521
6.0801
6.0421
6.0696
6.1367
6.1322
6.0472
6.0936
6.1396
6.0662
6.1309
6.1458
6.1372
6.0595
6.1799

® In molar fraction from AG® values at 298 K and 1 atm.

¢ Shielding constants were obtained from the DFT optimized structures using GIAO-DFT B3LYP/DGDZVP calculated from the B3LYP/DGDZVP. Values were Boltzmann averaged with the

H4
6.9756
6.9688
6.9950
6.9649
6.9906
6.9448
6.9712
6.9684
7.0484
6.9756
6.9882
6.9401
6.9558
6.9680
6.9740
7.0363

H5
3.6902
3.6941
3.7092
3.6927
3.7076
3.6194
3.5867
3.6906
3.9633
3.5586
3.7019
3.6037
3.6291
3.5114
3.6900
4.1775

Heé
5.0191
5.0211
5.0549
5.0359
5.0451
5.7542
4.8786
5.0405
4.4773
4.9518
5.0385
5.7683
5.7940
4.8276
5.0374
5.3371

H1’
5.4824
5.6222
5.4924
5.5534
5.6447
6.1347
6.2435
5.5547
5.6959
6.3036
5.6349
5.7683
6.1832
6.1238
5.5749
5.7705

H2’
5.7399
5.6450
5.7574
6.0189
5.5955
5.6050
5.9252
6.0122
6.0387
5.8754
5.5898
5.6101
5.6011
6.2932
5.7230

5.717

H3’
6.3774
6.3698
6.5541
6.4884
6.4369
5.0345
5.3541
6.5302
5.7850
5.7048
6.4507
5.0387
5.3163
5.6562
6.3287
5.5395

H4’pmS
1.5533
1.4908
1.8137
1.7496
1.6511
1.5838
1.3289
2.0492
1.8277
1.5678
1.4519
1.8857
1.7622
2.0137
1.5638
1.6591

H4’me
1.5411
1.683
1.5455
1.807
1.669
1.5789
1.7282
1.5742
2.4157
1.6075
1.9934
1.3514
1.5609
1.1104
1.6133
1.7559

equation X' 6' x Pi, where &' is the "H NMR chemical shift value (in ppm) for each conformer and P'is the population for the ith conformation.

4 Tn ppm, measured at 400 MHz from CDCl3 solutions using TMS as the internal standard.

HS’pruS
1.5083
1.7084
1.2962
1.4499
1.3074
0.9816
0.9837
1.721
1.3728
1.1771
1.5963
1.3514
1.3169
1.4091
1.5313
1.3851

H5’me
1.4708
1.2453
1.7727
1.6338
1.3049
1.3167
1.0705
1.5639
1.564
1.2862
1.3161
1.2025
1.3261
1.4915
1.4040
1.3665

H6’proS
1.4306
1.4241
1.8123
1.337
2.5744
1.3562
1.3474
1.6469
1.4183
1.3092
1.3669
1.6111
1.3514
1.2102
1.4768
1.3561

H6’proR
1.3124
1.3042
1.4023
1.3243
1.19
1.347
1.2861
1.3193
1.3167
1.303
2.4872
1.3581
1.211
1.2205
1.3168
1.3489

HT
1.1260
0.9841
0.5097
1.1495
1.2479
1.1114
0.8305
1.1479
0.8806
1.0812
1.1527
1.0966
0.8465
1.1073
1.0468
0.9432

0.28
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Table S2. Comparison between DFT and experimental 'H NMR chemical shifts for the most relevant conformers of 3 considering PCM solvation

in CHCls.
Conformer 4G

3-1 0

3-2 0.4198
3-3 0.4606
34 1.2305
3-5 1.3353
3-6 1.5161
3-7 2.0018
3-8 2.1241
3-9 22772
3-10 2.3745
3-11 2.4454
3-12 2.4592
3-13 2.6142
3-14 2.7567
3-15 2.8414
3-16 2.8483

Weighted values®

Pb
0.4114
0.2025
0.1891
0.0515
0.0432
0.0318
0.0140
0.0114
0.0087
0.0075
0.0066
0.0065
0.0050
0.0039
0.0034
0.0034

Experimental values?

2 In kcal/mol.

RMSD

H3
6.1689
6.166
6.2374
6.2481
6.1577
6.241
6.2608
6.178
6.2412
6.2536
6.2129
6.2528
6.1614
6.2414
6.1926
6.2351
6.1907
6.1799

H4
7.2533
7.2461
7.2682
7.2613
7.2426
7.2613

7.27
7.2613
7.2538
7.2597
7.3436
7.2655
7.2481
7.2786
7.2661

7.29
7.2556
7.0363

® In molar fraction from AG® values at 298 K and 1 atm.
¢ Shielding constants were obtained from the DFT optimized structures using GIAO-DFT B3LYP/DGDZVP calculated from the BSLYP/DGDZVP. Values were Boltzmann averaged with the equation X' ' x Pi,
where J' is the 'H NMR chemical shift value (in ppm) for each conformer and P'is the population for the ith conformation.
4 In ppm, measured at 400 MHz from CDCl; solutions using TMS as the internal standard.

H5
3.879
3.8815
3.7893
3.8157
3.881
3.7392
3.823
3.889
3.7978
3.8345
4.1492
3.8214
3.8819
3.7631
3.8802
4.0144
3.8544
4.1775

Hé6
5.1913
5.1939
5.0438
5.6764
5.2089
5.0147
5.7008
5.209
5.6548
5.7141
4.6964
5.7129
5.2127
5.0513
5.2041
5.5179
5.1998
5.3371

H1’
5.6632
5.7982
6.3218

6.205
5.7334
6.2045
6.2576
5.8247

6.201
6.2665
5.8806

6.098

5.734
6.4066
5.6798
6.2195
5.8917
5.7705

H2’
5.9026
5.7976
6.0912
5.8312
6.1693
6.4414
5.8258
5.7449
5.8352
5.8516
6.1702
5.9193
6.1641
6.0637
5.9024

6.304
5.9429
5.717

H3’
6.237
6.2532
5.4242
5.1315
6.3596
5.7218
5.4039
6.3605
5.1417
5.4282
5.6806
5.3522
6.4016
5.632
6.424
5.3727
5.9789
5.5395

H4’pmS
1.5761
1.5751
1.4495
1.6688
1.806
1.9406
1.8422
1.7525
1.963
1.6603
1.9055
1.6614
2.1049
1.6522
1.8545
1.5807
1.5945
1.6591

H4’pruR
1.6525
1.7433
1.7222
1.6483
1.8009
1.3148
1.649
1.7146
1.4279
1.9412
2.2177
1.7205
1.5733
1.6691
1.6543
1.8056
1.6846
1.7559

HS’pmS
1.5395
1.572
1.0858
1.0811
1.5275
1.4638
1.2872
1.3224
1.2808
1.5645
1.4319
1.3722
1.7931
1.1271
1.371
1.3452
1.4222
1.3851

HS’proR
1.4277
1.2817
1.0932
1.2598
1.6454
1.5228
1.3922
1.3853
1.2248
1.4051
1.6068
1.8255
1.5781
1.3634
1.8256
1.3296
1.3409
1.3665

H6’pmS
1.4555
1.4641
1.3712
1.3952
1.3643
1.2695
1.4085
2.4088
1.6344
1.4358
1.4075
1.4699
1.6917
1.3131
1.6518
1.3535
1.4406
1.3561

H6’proR
1.3673
1.3609
1.3319
1.387
1.3622
1.2534
1.2501
1.256
1.3994
1.3109
1.3603
1.4432
1.3486
1.4738
1.4427
1.3695
1.3544
1.3489

H7
1.1484
0.9597
0.8515
1.1226
1.1652
1.1212
0.822
1.2032
1.1313
1.1233
0.9133
0.6625
1.1658
1.1094
0.6207
0.8934
1.4406
1.3561
0.18
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Table S3. Comparison between DFT and experimental 'H NMR chemical shifts for the most relevant conformers of 5.

Conformer 4G*
5-1 0
5-2 0.26481
5-3 0.63504
5-4 0.97954
5-5 1.04920
5-6 1.20545
5-7 1.31338
5-8 1.35981
5-9 1.58509
5-10 1.65537
5-11 1.97791
5-12 2.17432
5-13 2.23896
5-14 2.24335
5-15 2.32367
5-16 2.44039
5-17 2.48808
5-18 2.57718
5-19 2.78614
5-20 2.83509
5-21 2.86458

Weighted values®

Pb
0.33227
0.21250
0.11375
0.06356
0.05654
0.04343
0.03620
0.03347
0.02288
0.02032
0.01179
0.00846
0.00759
0.00753
0.00658
0.00540
0.00498
0.00429
0.00301
0.00277
0.00264

Experimental values?

2 In kcal/mol.

b In molar fraction from AG® values at 298 K and 1 atm.

¢ Shield

RMSD

H3
6.1964
6.2252
6.2044
6.2036
6.1941
6.1995
6.2363
6.2361
6.1948
6.2142
6.1965
6.2074
6.2027
6.2139
6.2407
6.1974
6.2396
6.1995
6.2131
6.2131
6.2489
6.2078
6.1036

H4
7.3074
7.1681
7.3044
7.3051
7.3044
7.3071
7.1659
7.1657
7.3106
7.3048
7.1452
7.3121
7.2988
7.3119
7.1708
7.3062
7.2101
7.1487
7.3166
7.3166
7.2125
7.2629
6.9846

H5
4.0334
4.2699
4.0652
4.1346
4.0997
4.0946
4.1942
4.1933
4.1168
4.0838
4.5977
4.1000
3.8187
4.0003
4.2136
4.1167
4.6557
4.6020
4.0534
4.0531
4.5463
4.1281
4.1233

Heé
5.3788
5.3338
7.3044
5.3415
5.3026
5.3577
5.3596
5.3595
5.3419
5.3692
5.0811
5.3761
5.4305
5.4160
5.3900
5.3092
5.1154
5.0844
5.4417
5.4411
5.1729
5.5722
5.3068

HI’
6.2446
6.3407
6.3463
6.2103
6.3166
6.2375
6.4847
6.4847
6.2327
6.3746
6.0339
6.2424
6.5144
6.3987
6.3866
6.2971
6.1659
6.0322
6.3085
6.3085
6.2666
6.2981
5.7577

H2’
5.9666
5.9026
5.8843
5.9242
6.2964
5.9663
5.8455
5.8453
5.9776
5.8410
59114
5.9517
6.4266
5.8670
5.9242
6.2880
6.1781
5.8997
6.0051
6.0044
5.7845
5.9526
5.6589

H3’
5.2789
5.2803
5.2559
5.4776
5.4603
5.2138
5.2595
5.2606
5.2597
5.4603
5.0637
5.4607
5.5338
5.4487
5.4678
5.5142
5.4061
5.1016
5.3113
5.3116
5.3810
5.3035

5.464

H4’pruS
1.6658
1.6640
1.6586
1.8410
1.5831
1.4381
1.6550
1.6552
1.9724
1.6705
1.5459
1.6852
1.9559
1.9529
1.6831
1.3546
1.3446
1.3140
1.8660
1.8666
1.9393
1.6678
1.6990

H4’me
1.4464
1.4458
1.6130
1.4493
1.7436
1.7420
1.6030
1.6035
1.2143
1.7859
1.7600
1.7232
1.5741
1.6083
1.7299
2.0412
2.0329
2.0787
1.6631
1.6635
1.5653
1.5280
1.5909

HS’pmS
1.2274
1.2216
1.2536
1.5616
1.6303
1.1977
1.2760
1.2762
1.4502
1.3632
1.6028
1.8144
1.9057
1.3903
1.8028
1.5707
1.5488
1.5436
1.3184
1.3184
1.3773
1.3084
1.3075

H5’me
1.5466
1.5370
1.1727
1.3536
1.5399
1.7613
1.1802
1.1802
1.5305
1.3452
1.4674
1.3670
1.4823
1.6066
1.3668
1.8033
1.7613
1.7183
1.5029
1.5031
1.6086
1.4681
1.3530

H6’proS
1.3412
1.3404
1.3845
1.2065
1.3278
1.6449
1.3837
1.3838
1.4126
1.5238
1.2894
1.4856
1.3322
1.4650
1.4829
1.6824
1.6708
1.6721
1.7558
1.1625
1.4878
1.3665
1.3001

H6’me
1.3915
1.3934
1.3594
1.5427
1.3058
1.3486
1.3615
1.3617
1.6302
1.1842
1.2960
1.4335
1.7015
1.4447
1.4306
1.3110
1.3077
1.2784
1.1624
1.7557
1.3775
1.3915
1.3017

HT
1.1236
0.8593
1.0960
0.7805
1.1414
0.6790
1.0971
1.0972
0.6935
0.8782
0.9090
1.0750
1.0928
1.0803
0.9838
1.0025
1.0701
1.0531
0.7161
0.7161
0.6213
0.9981
0.8999

0.20

ing constants were obtained from the DFT optimized structures using GIAO-DFT B3LYP/DGDZVP calculated from the BBLYP/DGDZVP. Values were Boltzmann averaged with the equation X' §' x Pi, where J!

is the "H NMR chemical shift value (in ppm) for each conformer and P'is the population for the ith conformation.
4 Tn ppm, measured at 400 MHz from CDCl3 solutions using TMS as the internal standard.
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Table S4. Comparison between DFT and experimental 'H NMR chemical shifts for the most relevant conformers of 5 considering PCM solvation in

CHCls.

Conformer  AG? Pb
5-1 0.0000 0.3290
5-2 0.1995 0.2349
5-3 0.8465 0.0788
5-4 0.9293  0.0685
5-5 0.9375 0.0676
5-6 1.3128 0.0359
5-7 1.3899 0.0315
5-8 1.4458 0.0287
5-9 1.6347 0.0208
5-10 1.6685 0.0197
5-11 1.7018 0.0186
5-12 1.7037 0.0185
5-13 2.1731 0.0084
5-14 2.1737 0.0084
5-15 2.1957 0.0081
5-16 2.2208 0.0077
5-17 2.5226 0.0047
5-18 2.6205 0.0039
5-19 2.6211 0.0039
5-20 2.9725 0.0022

Weighted values®

Experimental values?

2 In kcal/mol.

RMSD

H3
6.1036
6.1106
6.108
6.106
6.1211
6.1014
6.1002
6.1825
6.1135
6.1295
6.1928
6.1927
6.122
6.1132
6.12
6.1016
6.1518
6.1269
6.1269
6.1072
6.1126
6.1036

H4
7.0775
7.0797
7.0828
7.0786
7.0935
7.0808
7.0763
6.7745
6.8827
7.0284
6.7779
6.7777
7.0921
7.0875
7.0909
7.0798
7.0566

6.912
6.9119
7.0815
7.0524
6.9846

® In molar fraction from AG® values at 298 K and 1 atm.
¢ Shielding constants were obtained from the DFT optimized structures using GIAO-DFT B3LYP/DGDZVP calculated from the BSLYP/DGDZVP. Values were Boltzmann averaged with the equation X' ' x Pi,

where J' is the 'H NMR chemical shift value (in ppm) for each conformer and P'is the population for the ith conformation.

H5
4.0119
4.0276
4.0476
4.0736

4.014
4.0851
4.0456
4.2388
4.4852

3.706
4.2002
4.1995
4.0194
4.0545
3.9685
4.0647
3.7419
4.5936
4.5938
3.9988
4.0467
4.1233

Hé6
5.3145
5.2922
5.2998
5.2873
5.3461

5.276
5.24
5.2707

4.9
5.5604
5.2736
5.2742
5.3794
5.3171
5.3792
5.2459
5.6459

4.95
4.9502
5.3321
5.2964
5.3068

4 In ppm, measured at 400 MHz from CDClI; solutions using TMS as the internal st

HI’
6.2813
6.3802
6.2702
6.2746
6.4261
6.2725
6.3609
6.4706
6.1759
6.5184
6.5872
6.5875

6.343
6.2895
6.428
6.3408
6.5168
6.1234
6.1235
6.2466
6.3352
5.7577

H2’
5.7744
5.6957
5.7432
5.7768

5.679
5.793

6.13
5.7131
5.6917
6.3037

5.645
5.6453
5.8362
5.7729
5.6897
6.1199
6.0385
5.4679
5.4678
5.7936
5.7614
5.6589

H3’
5.2212
5.1926
5.4297

5.167
5.4102
5.2132
5.4164
5.2376
5.0249
5.5311
5.2151

5.215
5.2498
5.4235
5.4053
5.4711
5.2842
5.0204
5.0203
5.2942
5.2513

5.464

H4’proS
1.6241
1.6335
1.7997
1.3875
1.654
1.9384
1.5796
1.6231
1.5061
2.0877
1.6227
1.6227
1.8412
1.6399
1.9378
1.3433
1.8557
1.6317
1.6317
2.049
1.6465
1.6990

H4’me
1.4502
1.5617
1.4524
1.7503
1.7273
1.21
1.7075
1.4617
1.7051
1.5371
1.5551
1.5554
1.6285
1.7312
1.5526
2.0099
1.6162
1.639
1.6391
1.4025
1. 5374
1.5909

HS’pmS
1.2022
1.3344
1.606
1.1718
1.3169
1.4221
1.6738
1.1994
1.6228
1.934
1.3713
1.3712
1.3329
1.8432
1.3556
1.6117
1.6417
1.8479
1.848
1.5483
1.3414
1.3075

H5’me
1.5822
1.1623
1.3244
1.7886
1.4198
1.5677
1.5173
1.5671
1.4861
1.43
1.166
1.1661
1.4809
1.3412
1.6676
1.7834
1.4823
1.3319
1.3319
1.7697
1.4400
1.3530

H6’proS
1.3374
1.3761
1.2174
1.6527
1.5602
1.4243
1.3401
1.3363
1.3005
1.337
1.3733
1.3732
1.1146
1.4899
1.5076
1.6885
1.7795
1.3996
1.3996
1.4627
1.3835
1.3001

H6’proR
1.4019
1.3482
1.5485
1.3422
1.137
1.6397
1.3018
1.4075
1.2883
1.6963
1.3518
1.3519
1.8633
1.4328
1.5153
1.3211
1.105
1.4476
1.4477
1.5677
1.3894
1.3017

H7
1.155
1.1143
0.7927
0.7033
0.9764
0.7024
1.1729
0.8684
0.9364
1.1559
1.1137
1.1137
0.6994
1.1
1.0356
1.0355
0.7091
0.6598
1.0121
1.3939
1.0334
0.8999
0.17
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Table S5. DFT B3LYP/DGDZVP relative free energies,? population,® and comparison between DFT® and experimental 'H-'"H couplings for the most relevant conformers of 2.

Conformers AG* Js6 Js1 Jrio Jos J31apror J31 4pros P PJs s PJs; PJp PJy s PJ3 4pror PJ3 408
2-1 0 3.38 10.01 11.86 9.75 10.46 3.49 0.2121 0.72 2.12 2.52 2.07 2.22 0.74
2-2 0.2567 3.47 7.22 13.15 4.13 5.08 2.02 0.1380 0.48 1.00 1.81 0.57 0.70 0.28
2-3 0.2774 5.12 6.03 12.93 5.35 1.58 10.61 0.1333 0.68 0.80 1.72 0.71 0.21 1.41
2-4 0.6382 3.57 9.52 11.82 9.46 2.46 11.30 0.0725 0.26 0.69 0.86 0.69 0.18 0.82
2-5 0.6583 3.57 9.52 11.82 9.46 2.46 11.30 0.0701 0.25 0.67 0.83 0.66 0.17 0.79
2-6 0.8202 3.39 8.04 12.96 5.15 10.68 436 0.0533 0.18 0.43 0.69 0.27 0.57 0.23
2-7 0.9469 5.07 6.39 12.89 5.52 10.92 4.14 0.0430 0.22 0.28 0.55 0.24 0.47 0.18
2-8 1.0046 3.48 7.35 12.99 4.33 1.56 10.57 0.0390 0.14 0.29 0.51 0.17 0.06 0.41
2-9 1.2487 4.20 7.64 12.13 9.85 4.50 2.87 0.0259 0.11 0.20 0.31 0.25 0.12 0.07
2-10 1.2600 4.05 7.38 12.11 9.33 1.54 10.54 0.0254 0.10 0.19 0.31 0.24 0.04 0.27
2-11 1.2682 348 9.77 11.87 9.71 10.33 3.56 0.0250 0.09 0.24 0.30 0.24 0.26 0.09
2-12 1.2883 3.36 7.08 12.59 2.45 5.15 2.76 0.0242 0.08 0.17 0.30 0.06 0.12 0.07
2-13 1.4546 5.11 6.04 12.92 5.33 1.62 10.54 0.0183 0.09 0.11 0.24 0.10 0.03 0.19
2-14 1.7043 5.12 6.09 12.90 5.40 2.06 11.36 0.0120 0.06 0.07 0.15 0.06 0.02 0.14
2-15 1.7231 348 9.43 12.26 7.95 423 243 0.0116 0.04 0.11 0.14 0.09 0.05 0.03
2-16 1.7288 3.58 9.72 11.90 9.79 11.00 3.59 0.0115 0.04 0.11 0.14 0.11 0.13 0.04
2-17 1.7696 3.53 9.67 11.83 9.47 2.48 11.31 0.0107 0.04 0.10 0.13 0.10 0.03 0.12
2-18 1.8505 3.57 9.37 12.09 9.60 4.36 2.99 0.0094 0.03 0.09 0.11 0.09 0.04 0.03
2-19 1.8662 5.29 5.76 13.19 5.19 5.64 2.22 0.0091 0.05 0.05 0.12 0.05 0.05 0.02
2-20 1.9710 5.06 6.28 12.98 5.45 11.32 4.64 0.0076 0.04 0.05 0.10 0.04 0.09 0.04
2-21 2.0846 3.43 7.48 12.95 4.50 11.26 1.64 0.0063 0.02 0.05 0.08 0.03 0.07 0.01
2-22 2.1097 3.55 9.71 11.83 9.99 10.08 4.12 0.0060 0.02 0.06 0.07 0.06 0.06 0.02
2-23 2.1467 342 10.03 11.87 9.79 10.97 348 0.0057 0.02 0.06 0.07 0.06 0.06 0.02
2-24 2.2182 4.06 8.30 12.39 8.43 423 2.49 0.0050 0.02 0.04 0.06 0.04 0.02 0.01
2-25 2.2490 3.84 4.59 13.18 1.95 2.79 12.75 0.0048 0.02 0.02 0.06 0.01 0.01 0.06
2-26 2.3494 5.26 5.78 13.22 5.18 5.67 2.30 0.0040 0.02 0.02 0.05 0.02 0.02 0.01
2-27 24918 3.23 6.50 12.34 9.53 2.00 10.83 0.0032 0.01 0.02 0.04 0.03 0.01 0.03
2-28 2.5107 348 7.89 12.97 5.21 11.01 4.66 0.0031 0.01 0.02 0.04 0.02 0.03 0.01
2-29 2.5571 3.79 4.97 13.27 2.00 4.78 2.94 0.0028 0.01 0.01 0.04 0.01 0.01 0.01
2-30 2.5703 3.39 6.33 12.53 8.75 1.81 10.60 0.0028 0.01 0.02 0.03 0.02 0.01 0.03
2-31 2.8031 5.21 5.80 13.23 5.19 5.73 2.23 0.0019 0.01 0.01 0.02 0.01 0.01 0.004
2-32 2.8709 2.53 4.66 13.19 6.30 12.19 3.37 0.0017 0.004 0.01 0.02 0.01 0.02 0.01

Weighted values® 3.87 8.11 12.44 7.13 5.90 6.20
Corrected weighted values! 3.52 7.54 12.15 6.63 5.37 5.64
Experimental values® 2.99 8.2 11.45 7.65 6.4 7.25
RMSD 0.99

# In kcal/mol.

® In molar fraction from AG® values at 298 K and 1 atm.

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation X' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.
d The scaling factors were as follows: fH(sp})-H(sp}) = 0910, fH(sp})—H(spZ) =0.929 and fH(spZ)-H(spZ) =0.977.

¢ Experimental coupling constants obtained by spectra simulation.



Table S6. DFT B3LYP/DGDZVP relative free energies,® population,® and comparison between DFT® and experimental 'H-'H couplings for the most relevant conformers of 2 considering

PCM solvation in CHCls.

Conformers AG? Js6 J6,1' J1',2' Jz’,s' J3’,4'proR JS',4’pruS P PJss PJs PJy PJy 3
2-1 0 3.63 9.45 11.77 9.40 2.35 11.40 0.1547 0.56 1.46 1.82 1.45
2-2 0.1042 3.51 7.79 12.87 4.53 1.55 10.53 0.1297 0.46 1.01 1.67 0.59
2-3 0.2171 3.52 7.47 13.06 4.13 5.29 2.03 0.1072 0.38 0.80 1.40 0.44
2-4 0.2309 3.54 9.89 11.83 9.81 10.55 3.55 0.1047 0.37 1.04 1.24 1.03
2-5 0.3847 3.63 9.46 11.77 9.40 2.35 11.40 0.0808 0.29 0.76 0.95 0.76
2-6 0.4298 3.54 9.80 11.97 9.01 1.90 10.87 0.0749 0.27 0.73 0.90 0.67
2-7 0.5240 3.47 8.21 12.86 5.21 10.62 4.44 0.0639 0.22 0.52 0.82 0.33
2-8 0.7091 3.46 9.89 12.15 8.82 4.19 2.51 0.0467 0.16 0.46 0.57 0.41
2-9 0.7511 3.50 9.78 11.97 9.23 4.21 3.12 0.0435 0.15 0.43 0.52 0.40
2-10 0.8929 3.53 9.95 11.82 9.77 10.45 3.60 0.0343 0.12 0.34 0.41 0.33
2-11 0.9275 3.46 9.89 12.15 8.82 4.19 2.51 0.0323 0.11 0.32 0.39 0.28
2-12 1.3347 3.39 10.41 12.41 1.63 2.71 12.72 0.0163 0.06 0.17 0.20 0.03
2-13 1.3692 5.38 6.33 12.88 5.44 1.50 10.55 0.0153 0.08 0.10 0.20 0.08
2-14 1.5474 343 10.37 12.38 1.67 2.72 12.76 0.0114 0.04 0.12 0.14 0.02
2-15 1.5487 3.53 7.61 12.89 4.46 11.10 1.45 0.0113 0.04 0.09 0.15 0.05
2-16 1.6315 5.28 6.66 12.88 5.65 10.98 4.18 0.0098 0.05 0.07 0.13 0.06
2-17 1.7420 3.50 10.04 11.84 9.93 11.01 345 0.0082 0.03 0.08 0.10 0.08
2-18 1.7646 3.33 7.50 12.67 2.35 5.14 2.74 0.0079 0.03 0.06 0.10 0.02
2-19 1.8010 3.95 5.49 13.29 1.95 4.67 3.03 0.0074 0.03 0.04 0.10 0.01
2-20 1.8869 3.39 10.47 12.54 1.78 4.71 2.96 0.0064 0.02 0.07 0.08 0.01
2-21 1.9509 3.61 9.50 12.04 9.55 4.33 3.04 0.0057 0.02 0.05 0.07 0.05
2-22 2.0407 3.45 10.01 11.77 10.10 10.17 4.06 0.0049 0.02 0.05 0.06 0.05
2-23 2.1586 2.72 2.57 13.37 6.82 1.71 11.82 0.0040 0.01 0.01 0.05 0.03
2-24 2.1731 3.54 7.74 13.11 3.98 4.53 2.71 0.0039 0.01 0.03 0.05 0.02
2-25 2.3801 5.34 6.37 12.86 5.46 1.56 10.52 0.0028 0.01 0.02 0.04 0.02
2-26 2.3958 5.34 6.38 12.87 5.54 1.74 11.21 0.0027 0.01 0.02 0.03 0.02
2-27 2.4310 3.40 10.18 11.85 9.81 11.07 3.11 0.0026 0.01 0.03 0.03 0.03
2-28 2.5904 5.26 6.54 12.96 5.56 11.39 4.62 0.0020 0.01 0.01 0.03 0.01
2-29 2.6487 3.57 9.55 11.78 9.35 241 11.45 0.0018 0.01 0.02 0.02 0.02
2-30 2.7818 3.34 6.53 12.41 9.68 2.05 10.89 0.0014 0.005 0.01 0.02 0.01
2-31 2.7887 3.38 6.45 12.57 8.99 1.75 10.59 0.0140 0.05 0.09 0.18 0.13

Weighted values® 3.64 9.00 12.45 7.44
Corrected weighted values! 3.31 8.36 12.16 6.92
Experimental values® 2.99 8.2 11.45 7.65
RMSD
2 In kcal/mol.

® In molar fraction from AG® values at 298 K and 1 atm.

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation X' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.

4 The scaling factors were as follows: frsp3)nsps) = 0-910; Frpaynep2 =0.929 and frspr)-Hisp2) = 0.977.
¢ Experimental coupling constants obtained by spectra simulation.

PJs 4pror
0.36
0.20
0.57
1.11
0.19
0.14
0.68
0.20
0.18
0.36
0.14
0.04
0.02
0.03
0.13
0.11
0.09
0.04
0.03
0.03
0.02
0.05
0.01
0.02
0.00
0.00
0.03
0.02

0.004
0.003
0.02
4.84
4.40
6.4

PJs 4pros
1.76
1.37
0.22
0.37
0.92
0.81
0.28
0.12
0.14
0.12
0.08
0.21
0.16
0.14
0.02
0.04
0.03
0.02
0.02
0.02
0.02
0.02
0.05
0.01
0.03
0.03
0.01
0.01
0.02
0.02
0.15
7.21
6.56
7.25
0.97
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Table S7. DFT B3LYP/DGDZVP relative free energies,® population,® and comparison between DFT® and experimental '"H-'H couplings for the most relevant conformers of 3.

Conformers AG* JIs6 Js. 1 Jiz Jrsz I3 4r0R J31 40708 P PJss PJs PJy PJys PJs 4pror PJ3 4pros
3-1 0 4.85 4.7 12.82 10.09 11.35 1.93 0.4807 2.33 2.26 6.16 4.85 5.46 0.93
3-2 0.2391 4.81 4.64 12.96 10 4.08 11.68 0.3211 1.54 1.49 4.16 3.21 1.31 3.75
3-3 1.3391 4.86 4.64 12.83 10.03 11.65 1.72 0.0501 0.24 0.23 0.64 0.5 0.58 0.09
34 1.4213 4.88 4.67 13.05 104 3.04 4.61 0.0436 0.21 0.2 0.57 0.45 0.13 0.2
3-5 1.6202 4.74 4.54 13.07 9.98 3.48 12.08 0.0312 0.15 0.14 041 0.31 0.11 0.38
3-6 1.8417 3.22 8.02 11.82 10.32 3.53 11.58 0.0215 0.07 0.17 0.25 0.22 0.08 0.25
3-7 2.0281 2.97 9.95 11.9 10.71 3.61 10.88 0.0158 0.05 0.16 0.19 0.17 0.06 0.17
3-8 2.4059 4.9 4.66 13.06 10.46 3.12 4.61 0.0083 0.04 0.04 0.11 0.09 0.03 0.04
3-9 2.5157 1.76 7.27 12.79 8.56 3.27 4.3 0.0069 0.01 0.05 0.09 0.06 0.02 0.03
3-10 2.5546 2.97 10.14 11.83 10.85 3.87 11.41 0.0064 0.02 0.07 0.08 0.07 0.02 0.07
3-11 2.7108 4.67 4.49 13.09 10 3.57 12.05 0.0049 0.02 0.02 0.06 0.05 0.02 0.06
3-12 2.8621 3.18 8.06 11.85 10.31 3.71 11.42 0.0038 0.01 0.03 0.05 0.04 0.01 0.04
3-13 3.0309 3.2 8.5 11.88 10.24 3.61 12.02 0.0029 0.01 0.02 0.03 0.03 0.01 0.03
3-14 3.0635 2.99 9.83 12.1 9.52 2.84 4.42 0.0027 0.01 0.03 0.03 0.03 0.01 0.01

Weighted values® 4.72 4.91 12.84 10.08 7.85 6.05
Corrected weighted values? 4.29 4.56 12.54 9.36 7.14 5.50
Experimental values® 2.98 6.62 11.65 8.5 7.54 5.68
RMSD 1.13

* In kcal/mol.

® In molar fraction from AG® values at 298 K and 1 atm.

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation ' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.
4 The scaling factors were as follows: frsp3)nps) = 0-910; Frpaynp2 =0.929 and frspr)-Hisp2) = 0.977.

¢ Experimental coupling constants obtained by spectra simulation.



Table S8. DFT B3LYP/DGDZVP relative free energies,* population,® and comparison between DFT® and experimental 'H-'H couplings for the most relevant conformers of 3 considering
PCM solvation in CHCls.

Conformers
3-1
3-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9

3-10
3-11
3-12
3-13
3-14
3-15
3-16

2 In kcal/mol.

® In molar fraction from AG® values at 298 K and 1 atm.

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation ' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.
4 The scaling factors were as follows: frsp3)nps) = 0-910; Frpsynsp2) =0.929 and frspa)-Hisp2) = 0.977.

¢ Experimental coupling constants obtained by spectra simulation.

AG*
0
0.4198
0.4606
1.2305
1.3353
1.5161
2.0018
2.1241
2.2772
2.3745
2.4454
2.4592
2.6142
2.7567
2.8414
2.8483

Jss
471
4.61
3.33
3.46
4.75
3.38
3.45
4.48
3.45
342
1.73
3.50
4.75
3.25
4.62
3.36

Jor

4.83

4.71
10.09
8.71

4.80

9.93

9.14

4.60

8.94

9.54

7.25

8.66

4.80
10.43
4.86

9.89

Jro

12.87
13.05
11.85
11.71
13.09
12.05
11.78
13.13
11.76
11.78
12.92
11.63
13.10
11.85
12.91
12.46

Joz

10.18
10.17
10.65
10.39
10.51
9.80

10.35
10.13
10.40
10.28
8.79

10.39
10.58
10.72
10.05
7.09

I3 4r0R I3 4pros
11.38 1.94
4.03 11.65
3.65 10.95
3.71 11.51
3.04 4.59
2.85 4.38
3.75 11.99
3.48 12.06
393 11.33
3.74 11.93
3.20 4.35
11.93 2.18
3.10 4.60
341 11.42
11.92 2.19
4.40 11.22

Weighted values®

Pb
0.4114
0.2025
0.1891
0.0515
0.0432
0.0318
0.0140
0.0114
0.0087
0.0075
0.0066
0.0065
0.0050
0.0039
0.0034
0.0034

Corrected weighted values?
Experimental values®

RMSD

PJs;s
1.94
0.93
0.63
0.18
0.21
0.11
0.05
0.05
0.03
0.03
0.01
0.02
0.02
0.01
0.02
0.01
4.24
3.86
2.98

PJs

1.99
0.95
1.91
0.45
0.21
0.32
0.13
0.05
0.08
0.07
0.05
0.06
0.02
0.04
0.02
0.03
6.37
5.92
6.62

PJp
5.29
2.64
2.24
0.60
0.57
0.38
0.17
0.15
0.10
0.09
0.09
0.08
0.07
0.05
0.04
0.04
12.59
12.30
11.65

PJy s
4.19
2.06
2.01
0.54
0.45
0.31
0.15
0.12
0.09
0.08
0.06
0.07
0.05
0.04
0.03
0.02
10.27
9.54
8.5

PJ3 4pror
4.68
0.82
0.69
0.19
0.13
0.09
0.05
0.04
0.03
0.03
0.02
0.08
0.02
0.01
0.04
0.01
6.94
6.31
7.54

PJ3 4pros
0.80
2.36
2.07
0.59
0.20
0.14
0.17
0.14
0.10
0.09
0.03
0.01
0.02
0.04
0.01
0.04
6.81
6.20
5.68
0.87
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Table S9. DFT B3LYP/DGDZVP relative free energies,® population,® and comparison between DFT® and experimental 'H-'H couplings for the most relevant conformers of 4.

Conformers
4-1
4-2
4-3
4-4
4-5
4-6
4-7
4-8
4-9
4-10
4-11
4-12
4-13
4-14
4-15
4-16
4-17

2 In kcal/mol.

® In molar fraction from AG® values at 298 K and 1 atm.

AG*

0
0.1023
0.2083
0.6959
0.8936
0.9507
1.0686
1.1471
1.1477
1.6685
1.7175
1.8430
2.2415
2.4052
2.4103
2.8746
2.9305

Js6
4.01
2.85
2.84
3.08
4.04
2.81
2.85
4.04
4.56
4.15
3.10
3.15
4.07
4.09
4.02
1.76
4.08

Js1
8.41
10.53
10.59
6.77
8.40
10.57
10.54
8.00
5.66
5.97
6.96
6.43
8.51
5.99
8.43
7.84
8.51

Jro
13.88
11.79
11.64
12.65
13.86
11.91
11.81
13.94
12.73
12.70
12.63
12.61
14.14
12.70
13.87
12.08
14.12

Jos
2.70
9.66
9.66
2.59
2.75
9.85
9.72
2.17
4.62
6.91
2.47
2.87
2.80
6.98
2.79
10.05
2.82

J34pr0R
11.21
344
11.28
2.67
11.86
2.92
3.57
2.86
3.21
3.35
2.70
11.86
4.38
3.56
11.96
3.66
3.78

S5 4pros PP
1.83 0.2525
10.53 0.2124
2.36 0.1776
5.27 0.0780
2.17 0.0559
4.29 0.0507
10.36 0.0416
5.13 0.0364
12.04 0.0364
11.58 0.0151
5.28 0.0139
2.09 0.0113
11.66 0.0057
12.04 0.0044
2.38 0.0043
10.97 0.0020
11.69 0.0018
Weighted values®

Corrected weighted values?
Experimental values®

RMSD

PJs;s
1.01
0.60
0.50
0.24
0.23
0.14
0.12
0.15
0.17
0.06
0.04
0.04
0.02
0.02
0.02
0.00
0.01
3.37
3.07
3.30

PJs
2.12
2.24
1.88
0.53
0.47
0.54
0.44
0.29
0.21
0.09
0.10
0.07
0.05
0.03
0.04
0.02
0.02
9.11
8.47
7.65

PJp
3.51
2.50
2.07
0.99
0.77
0.60
0.49
0.51
0.46
0.19
0.18
0.14
0.08
0.06
0.06
0.02
0.03
12.66
12.37
11.70

PJy;
0.68
2.05
1.72
0.20
0.15
0.50
0.40
0.08
0.17
0.10
0.03
0.03
0.02
0.03
0.01
0.02
0.01
6.21
5.77
7.60

PJ3’,4’proR
2.83
0.73
2.00
0.21
0.66
0.15
0.15
0.10
0.12
0.05
0.04
0.13
0.03
0.02
0.05
0.01
0.01
7.28
6.63
6.70

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation X' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.

4 The scaling factors were as follows: frsp3)nps) = 0-910; Frpsynsp2 =0.929 and frspa)-Hisp2) = 0.977.

¢ Experimental coupling constants obtained by spectra simulation.

PJ3: 4pros
0.46
2.24
0.42
0.41
0.12
0.22
0.43
0.19
0.44
0.17
0.07
0.02
0.07
0.05
0.01
0.02
0.02
5.37
4.88
6.40
1.06
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Table S10. DFT B3LYP/DGDZVP relative free energies,* population,® and comparison between DFT® and experimental 'H-'H couplings for the most relevant conformers of 4 considering
PCM solvation in CHCls.

Conformers
4-1
4-2
4-3
4-4
4-5
4-6
4-7
4-8
4-9
4-10
4-11
4-12
4-13
4-14

2 In kcal/mol.

AG*

0
0.3043
0.6237
0.6670
1.4721
1.5173
1.6767
2.0789
2.2703
2.4303
2.5853
2.7341
2.8420
2.9455

Jss
3.20
3.13
3.26
3.33
3.27
4.12
4.40
4.25
4.11
4.09
3.36
1.73
3.30
4.12

Jor
10.44
10.68
3.95
10.01
7.25
8.48
5.85
6.00
8.46
8.04
6.82
7.92
7.30
6.00

® In molar fraction from AG® values at 298 K and 1 atm.

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation ' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.

Jro
11.78
11.66
11.78
11.97
12.73
13.96
12.89
12.79
13.95
14.01
12.67
12.26
12.72
12.81

Joz
9.71
9.68
9.77
9.43
2.43
2.57
4.79
6.92
2.63
2.11
2.87
9.98
2.39
6.89

I3 4r0R
3.52
11.28
3.78
3.05
2.63
11.28
3.18
3.44
11.84
2.96
11.81
3.58
2.71
3.61

J31 410708 P
10.61 0.3851
2.23 0.2304
10.44 0.1344
4.24 0.1249
5.28 0.0321
1.81 0.0297
11.93 0.0227
11.59 0.0115
2.01 0.0083
5.02 0.0064
2.06 0.0049
11.05 0.0038
5.22 0.0032
12.07 0.0027
Weighted values®

Corrected weighted values?
Experimental values®

4 The scaling factors were as follows: frsp3)nsps) = 0-910; Frpsynsp2) =0.929 and frspa)-Hisp2) = 0.977.

¢ Experimental coupling constants obtained by spectra simulation.

RMSD

PJss
1.23
0.72
0.44
0.42
0.11
0.12
0.10
0.05
0.03
0.03
0.02
0.01
0.01
0.01
3.29
2.99
3.30

PJs 1
4.02
2.46
0.53
1.25
0.23
0.25
0.13
0.07
0.07
0.05
0.03
0.03
0.02
0.02
9.17
8.52
7.65

PJ >
4.54
2.69
1.58
1.49
0.41
0.42
0.29
0.15
0.12
0.09
0.06
0.05
0.04
0.03
11.95
11.68
11.70

PJos
3.74
2.23
1.31
1.18
0.08
0.08
0.11
0.08
0.02
0.01
0.01
0.04
0.01
0.02
8.92
8.28
7.60

PJ3’,4’me
1.35
2.60
0.51
0.38
0.08
0.34
0.07
0.04
0.10
0.02
0.06
0.01
0.01
0.01
5.58
5.08
6.70

PJs 4pros
4.09
0.51
1.40
0.53
0.17
0.05
0.27
0.13
0.02
0.03
0.01
0.04
0.02
0.03
7.31
6.65
6.40
0.82
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Table S11. DFT B3LYP/DGDZVP relative free energies,® population,® and comparison between DFT® and experimental 'H-'H couplings for the most relevant conformers of 5.

Conformers
5-1
5-2
5-3
5-4
5-5
5-6
5-7
5-8
5-9

5-10
5-11
5-12
5-13
5-14
5-15
5-16
5-17
5-18
5-19
5-20
5-21

2 In kcal/mol.

® In molar fraction from AG® values at 298 K and 1 atm. o _
¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation X' J' x P', where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.
4 The scaling factors were as follows: frsp3)nps) = 0-910; Frpsynsp2 =0.929 and frspa)-Hispz) = 0.977.

AG*
0
0.2648
0.635
0.9795
1.0492
1.2054
1.3134
1.3598
1.5851
1.6554
1.9779
2.1743
2.239
2.2433
2.3237
2.4404
2.4881
2.5772
2.7861
2.8351
2.8646

JIs6
3.22
3.46
3.25
3.34
3.22
3.27
3.39
3.39
3.21
3.34
4.65
3.30
3.13
3.23
3.40
3.23
3.33
4.64
3.23
3.23
3.27

Js1r
10.57
10.21
10.47
10.39
10.53
10.50
10.32
10.32
10.47
10.46
4.98
10.50
9.59
10.64
10.39
10.46
9.56

5.01
10.55
10.55
9.99

¢ Experimental coupling constants obtained by spectra simulation.

Jio

11.68
11.77
11.77
11.71
11.95
11.72
11.79
11.80
11.71
11.84
12.94
11.69
11.65
11.77
11.70
11.99
12.13
12.91
11.76
11.76
11.95

Jors
10.43
10.43
10.23
10.28
10.96
10.43
10.23
10.23
10.41
10.27
10.08
10.23
10.88
10.26
10.23
11.00
10.73
10.05
10.34
10.34
10.30

I3 4pr0R J314pros
1.88 11.27
1.92 11.35
11.46 3.79
2.17 11.87
4.85 2.75
1.78 11.24
11.48 3.75
11.48 3.75
1.90 11.22
11.89 3.87
431 3.09
2.12 11.86
4.77 2.94
11.89 3.94
2.11 11.86
491 2.78
4.81 2.79
442 3.13
11.21 3.86
11.21 3.86
11.98 3.84

Weighted values®

Pb
0.3323
0.2125
0.1138
0.0636
0.0565
0.0434
0.0362
0.0335
0.0229
0.0203
0.0118
0.0085
0.0076
0.0075
0.0066
0.0054

0.005
0.0043
0.003
0.0028
0.0026

Corrected weighted values?
Experimental values®

RMSD

PJss
1.07
0.73
0.37
0.21
0.18
0.14
0.12
0.11
0.07
0.07
0.05
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
3.32
3.02
3.04

PJs 1
3.51
2.17
1.19
0.66
0.60
0.46
0.37
0.35
0.24
0.21
0.06
0.09
0.07
0.08
0.07
0.06
0.05
0.02
0.03
0.03
0.03
10.34
9.60
7.52

PJy o

3.88
2.50
1.34
0.74
0.68
0.51
0.43
0.39
0.27
0.24
0.15
0.10
0.09
0.09
0.08
0.06
0.06
0.06
0.04
0.03
0.03
11.77
11.50
11.46

PJy 3

3.46
2.22
1.16
0.65
0.62
0.45
0.37
0.34
0.24
0.21
0.12
0.09
0.08
0.08
0.07
0.06
0.05
0.04
0.03
0.03
0.03
10.41
9.67
9.10

PJs4pror
0.62
0.41
1.30
0.14
0.27
0.08
0.42
0.38
0.04
0.24
0.05
0.02
0.04
0.09
0.01
0.03
0.02
0.02
0.03
0.03
0.03
4.28
3.90
5.90

PJ3 4pros
3.74
241
0.43
0.75
0.16
0.49
0.14
0.13
0.26
0.08
0.04
0.10
0.02
0.03
0.08
0.02
0.01
0.01
0.01
0.01
0.01
8.92
8.12
7.38
1.24
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Table S12. DFT B3LYP/DGDZVP relative free energies,* population,® and comparison between DFT® and experimental 'H-'H couplings for the most relevant conformers of 5 considering
PCM solvation in CHCls.

Conformers
5-1
5-2
5-3
5-4
5-5
5-6
5-7
5-8
5-9

5-10
5-11
5-12
5-13
5-14
5-15
5-16
5-17
5-18
5-19
5-20

2 In kcal/mol.

AG*

0
0.1995
0.8465
0.9293
0.9375
1.3128
1.3899
1.4458
1.6347
1.6685
1.7018
1.7037
2.1731
2.1737
2.1957
2.2208
2.5226
2.6205
2.6211
2.9725

JIs6
291
2.91
2.93
2.95
2.92
2.91
2.88
3.36
4.77
3.06
33
33
2.93
2.93
2.91
2.89
3.01
4.82
4.82
2.9

Js.1
10.5
10.45
10.45
10.43
10.52
10.43
10.51
10.2
5.43
7.44
10.21
10.21
10.53
10.48
10.57
10.46
8.68
5.34
5.34
10.51

® In molar fraction from AG® values at 298 K and 1 atm.

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation ' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.

Jio
11.7
11.76
11.7
11.75
11.78
11.72
11.96
11.76
12.78
11.43
11.78
11.78
11.74
11.67
11.73
11.99
11.31
12.58
12.58
11.7

Jors
10.31
10.08
10.16
10.32
10.18
10.3
10.85
10.33
9.97
10.74
10.09
10.09
10.19
10.14
10.14
10.9
10.18
9.62
9.62
10.33

J314pr0R
1.89
11.53
2.16
1.77
11.87
1.94
491
1.9
4.28
4.79
11.55
11.55
11.27
2.15
11.92
4.95
11.3
2.15
2.15
0.88

I3t 4pros PP

11.32 0.329

3.7 0.2349
11.87 0.0788
11.27 0.0685
4.15 0.0676
11.27 0.0359
2.72 0.0315
11.35 0.0287
3.09 0.0208
2.99 0.0197
3.66 0.0186
3.67 0.0185
3.76 0.0084
11.89 0.0084
4.02 0.0081
2.78 0.0077
3.82 0.0047
12.19 0.0039
12.19 0.0039
10.27 0.0022

Weighted values®

Corrected weighted values?
Experimental values®

4 The scaling factors were as follows: frsp3)nps) = 0-910; Frpaynep2 =0.929 and frspr)-Hisp2) = 0.977.

¢ Experimental coupling constants obtained by spectra simulation.

RMSD

PJss
0.96
0.68
0.23

0.2
0.2
0.1
0.09
0.1
0.1
0.06
0.06
0.06
0.02
0.02
0.02
0.02
0.01
0.02
0.02
0.01
3.00
2.73
3.04

PJs
345
2.46
0.82
0.71
0.71
0.37
0.33
0.29
0.11
0.15
0.19
0.19
0.09
0.09
0.09
0.08
0.04
0.02
0.02
0.02
10.24
9.51
7.52

PJi >
3.85
2.76
0.92
0.81
0.8
0.42
0.38
0.34
0.27
0.22
0.22
0.22
0.1
0.1
0.09
0.09
0.05
0.05
0.05
0.03
11.76
11.48
11.46

PJy s
3.39
2.37
0.8
0.71
0.69
0.37
0.34
03
0.21
0.21
0.19
0.19
0.09
0.09
0.08
0.08
0.05
0.04
0.04
0.02
10.24
9.51
9.10

PJs4pror
0.62
2.71
0.17
0.12

0.8
0.07
0.15
0.05
0.09
0.09
0.21
0.21
0.09
0.02

0.1
0.04
0.05
0.01
0.01

0
5.63
5.12
5.90

PJ3 4pros
3.72
0.87
0.94
0.77
0.28
0.4
0.09
0.33
0.06
0.06
0.07
0.07
0.03
0.1
0.03
0.02
0.02
0.05
0.05
0.02
7.98
7.26
7.38
0.90
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Table S13. DFT B3LYP/DGDZVP relative free energies,* population,” and comparison between DFT® and experimental 'H-'H couplings for the most

relevant conformers of 10.

Conformers AG* JIs.6 Joir Jro Jrsy Jyapror  J3apros PP PJss
10-1 0 327 922 092 4.82 12.48 2.59  0.59787  1.95
10-2 0.7549 230 9.63 0.3 1.40 11.88 1.81 0.16719  0.38
10-3 0.9344 330 9.20 0.88 5.11 12.36 2.59  0.12349 041
10-4 1.5882 322 922 0.61 6.37 0.46 10.77  0.04096  0.13
10-5 1.9848 3.16 8.74 9.52 3.71 12.52 1.99 0.02097  0.07
10-6 2.0984 231 9.62 0.59 1.58 3.51 11.94 0.01731  0.04
10-7 2.1756 ~ 2.01 920 135 10.15 3.02 444 0.01520  0.03
10-8 2.4015 3.17 8.78 9.42 3.90 4.47 12.64 0.01038  0.03
10-9 2.6663 231 9.64 0.59 1.61 12.20 4.53  0.00664  0.02

Weighted values® 3.06

Corrected weighted values? 2.79

Experimental values® 2.30
RMSD

? In kcal/mol.
® In molar fraction from AG® values at 298 K and 1 atm.

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation X' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.

d The scaling factors were as follows: fH(sp})-H(sp}) = 0910, fH(sp})-H(spZ) =0.929 and fH(spZ)-H(spZ) =0.977.
¢ Experimental coupling constants obtained by spectra simulation.

PJs 1
5.51
1.61
1.14
0.38
0.18
0.17
0.14
0.09
0.06
9.28
8.62
9.50

PJp >
0.55
0.09
0.11
0.02
0.20
0.01
0.02
0.10
0.004
1.10
1.08
0.95

PJys
2.88
0.23
0.63
0.26
0.08
0.03
0.15
0.04
0.01
4.32
4.01
5.60

PJ3’,4'proR
7.46
1.99
1.53
0.02
0.26
0.06
0.05
0.05
0.08
11.49
10.46
7.20

PJ3 4pros

1.55
0.30
0.32
0.44
0.04
0.21
0.07
0.13
0.03
3.09
2.81
5.05
1.79
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Table S14. DFT B3LYP/DGDZVP relative free energies,* population,® and comparison between DFT® and experimental 'H-'H couplings for the most relevant conformers of 10 considering
PCM solvation in CH3Cls.

Conformers

10-1
10-2
10-3
10-4
10-5
10-6
10-7
10-8
10-9
10-10

* In kcal/mol.

® In molar fraction from AG® values at 298 K and 1 atm.

AG*

0
0.90236
0.93499
1.62588
2.25025
2.35253
2.54581
2.56150
2.86270
3.02836

JIs6

3.27
2.29
3.30
2.24
3.25
2.29
2.28
2.20
3.11
3.18

Js. 1

941
9.71
9.40
9.41
9.40
9.72
9.71
9.40
8.92
8.95

Ji

0.90
0.60
0.88
1.29
0.59
0.64
0.65
1.19
9.52
9.39

Joz

5.79
1.15
6.10
9.96
7.44
12.91
1.31
9.47
3.64
3.82

I3 4pr0R

12.39
11.81
12.25
2.97
0.28
3.58
12.24
12.36
12.46
4.23

I3 4pros Pt
2.70 0.63664
1.75 0.13880
2.67 0.13136
4.48 0.04093
10.25 0.01427
11.93 0.01200
4.35 0.00866
2.63 0.00844
2.08 0.00507
12.60 0.00384

Weighted values®

Corrected weighted values?

Experimental values®
RMSD

PJss
2.08
0.32
0.43
0.09
0.05
0.03
0.02
0.02
0.02
0.01
3.06
2.79
2.30

PJs
5.99
1.35
1.23
0.39
0.13
0.12
0.08
0.08
0.05
0.03
9.45
8.78
9.50

PJp >
0.58
0.08
0.12
0.05
0.01
0.01
0.01
0.01
0.05
0.04
0.94
0.92
0.95

PJr s
3.69
0.16
0.80
0.41
0.11
0.15
0.01
0.08
0.02
0.01
5.44
5.05
5.60

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation X' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.

d The scaling factors were as follows: fH(sp})-H(sp}) = 0910, fH(sp})-H(spZ) =0.929 and fH(spZ)-H(spZ) =0.977.

¢ Experimental coupling constants obtained by spectra simulation.

PJs 4pror
7.89
1.64
1.61
0.12
0.00
0.04
0.11
0.10
0.06
0.02

11.60
10.55
7.20

PJ3 4pros
1.72
0.24
0.35
0.18
0.15
0.14
0.04
0.02
0.01
0.05
2.90
2.64

5.05
1.74
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Table S15. DFT B3LYP/DGDZVP relative free energies,* population,” and comparison between DFT® and experimental 'H-'H couplings for the most

relevant conformers of 14.

Conformers AG* Js.6 Jo.r Jro Jry I3 4proR I3 41pros PP PJss PJs PJp o PJys PJ3 4proR
14-1 0 306 920 255 872 1.80 11.56 0.55048 1.68 5.06 1.40 4.80 0.99
14-2 0.5673 323 932 049 0.58 2.30 12.47 0.21129 0.68 1.97 0.10 0.12 0.49
14-3 1.3058 326 975 027 042 2.12 12.50 0.06074 0.20 0.59 0.02 0.03 0.13
14-4 1.4144 326 975 032 043 12.95 3.88 0.05057 0.16 0.49 0.02 0.02 0.65
14-5 1.6171 303 872 938 033 1.75 11.94 0.03592 0.11 0.31 0.34 0.01 0.06
14-6 1.6246 303 872 938 033 1.75 11.94 0.03546 0.11 0.31 0.33 0.01 0.06
14-7 1.9365 327 975 031 043 12.91 3.42 0.02095 0.07 0.20 0.01 0.01 0.27
14-8 2.1630 356 038 042 246 1.86 12.00 0.01429 0.05 0.01 0.01 0.04 0.03
14-9 2.6581 194 933 080 0.38 2.08 12.75 0.00620 0.01 0.06 0.00 0.002 0.01
14-10 2.6958 301 872 936 034 1.81 11.98 0.00581 0.02 0.05 0.05 0.002 0.01
14-11 2.8909 353 040 041 247 1.89 12.00 0.00418 0.01 0.002 0.002 0.01 0.01
14-12 2.9010 324 975 449 0.14 1.72 11.56 0.00411 0.01 0.04 0.02 0.001 0.01

Weighted values® 3.12 9.10 2.30 5.05 2.72

Corrected weighted values? 2.84 8.45 2.25 4.69 2.48

Experimental values® 2.50 10.0 1.30 6.50 5.50
RMSD

# In kcal/mol.

® In molar fraction from AG® values at 298 K and 1 atm.

¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation ' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.
d The scaling factors were as follows: fH(sp})-H(sp}) = 0910, fH(sp})-H(spZ) =0.929 and fH(spZ)-H(spZ) =0.977.

¢ Experimental coupling constants obtained by spectra simulation.

PJs 4pros
6.36
2.63
0.76
0.20
0.43
0.42
0.07
0.17
0.08
0.07
0.05
0.05
11.30
10.28
7.86
1.90
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Table S16. DFT B3LYP/DGDZVP relative free energies,? population,® and comparison between DFT® and experimental 'H-"H couplings for the most
relevant conformers of 14 considering PCM solvation in CH3Cls.

Conformers

14-1
14-2
14-3
14-4
14-5
14-6

2 In kcal/mol.

® In molar fraction from AG® values at 298 K and 1 atm.
¢ In Hz, calculated from the B3LYP/DGDZVP structures with equation ' J' x P!, where J; is the spin-spin coupling constant value for each conformer and P' is the population for the ith conformation.

AG*

0
1.4201
1.4910
1.8681
2.1178
2.8288

Js.6

3.11
3.24
3.27
3.28
3.28
3.08

Js, 10

9.25
9.52
9.85
9.85
9.84
8.82

Jro

2.40
0.53
0.25
0.29
0.29
941

J2 3

8.90
0.59
0.51
0.46
0.51
0.35

Jsapror  J3iapros PP
1.88 11.63 0.7994
2.43 12.57 0.0727
2.04 12.37 0.0645
12.98 3.37 0.0341
12.90 3.15 0.0224
2.08 12.14 0.0067

Weighted values®

Corrected weighted values?
Experimental values®

RMSD

4 The scaling factors were as follows: frsp3)nsps) = 0-910; Frpsynep2 =0.929 and frspa)-Hisp2) = 0.977.

¢ Experimental coupling constants obtained by spectra simulation.

PJss
2.48
0.24
0.21
0.11
0.07
0.02
3.14
2.85
2.50

PJs 1
7.39
0.69
0.64
0.34
0.22
0.06
9.34
8.68
10.0

PJy 2
1.92
0.04
0.02
0.01
0.01
0.06
2.05
2.01
1.30

PJ>s
7.11
0.04
0.03
0.02
0.01

0.002
7.22
6.71
6.50

PJs 4pror

1.51
0.18
0.13
0.44
0.29
0.01
2.56
2.33
5.50

PJs 4pros
9.30
0.91
0.80
0.12
0.07
0.08
11.28
10.27
7.86
1.74
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Table S17. Comparison between DFT and experimental 3*C NMR chemical shifts for the most relevant conformers of 3.

Conformer AG*
3-1 0.0000
32 0.2391
3-3 1.3391
34 1.4213
3-5 1.6202
3-6 1.8417
3-7 2.0281
3-8 2.4059
39 2.5157

3-10 2.5546
3-11 2.7108
3-12 2.8621
3-13 3.0309
3-14 3.0635
Weighted values®

Pb
0.4807
0.3211
0.0501
0.0436
0.0312
0.0215
0.0157
0.0083
0.0069
0.0064
0.0050
0.0038
0.0029
0.0027

Experimental values?

2 In kcal/mol.

RMSD

C2
168.6947
168.7447
168.8293
168.6377
169.0077
169.3864
169.0969
168.6411
170.2675
169.0755

168.965
169.3963
169.3672
169.0753
168.7658

162.857

C3
127.8572
127.9326
127.7703
127.8386
127.8229
131.5188
131.4157
127.8554
130.708
131.4391
127.8642
131.5003
131.5485
131.3296
128.0864
123.0075

® In molar fraction from AG® values at 298 K and 1 atm.
¢ Shielding constants were obtained frm the DFT optimized structures using GIAO-DFT B3LYP/DGDZVP calculated from the BALYP/DGDZVP. Values were Boltzmann averaged with the equation X' 5 x Pi,

where d' is the *C NMR chemical shift value (in ppm) for each conformer and P'is the population for the ith conformation.

C4
155.2909
155.3102
155.3953
155.2867
155.4821
152.9633
153.4333
155.3005
155.3703
153.363
155.4567
153.0697
152.9676
153.3779
155.1976
144.3283

C5
68.9182
68.9037
68.9008
68.9676

68.802
72.9604
71.8954
68.9156
71.3643
72.0944
68.8202
73.0382
73.1719

72.252

69.11862
63.2989

C6
89.5518
89.4231
89.6226
89.5849
89.4269
86.0661
84.3526
89.5606
87.4902

84.548
89.4516
86.0934
85.9797
84.0961

89.26994
78.0568

4 Tn ppm, measured at 400 MHz from CDCI3 solutions using TMS as the internal standard.

cr

135.4852
137.9551
135.5517
135.9948
138.7352
144.3199
138.2202
136.1717

133.039

139.187
138.8561
144.3035
144.6701
135.2629
136.7269
125.6675

Cc2'
141.4963
141.2562
141.6461
139.5566
140.8917
139.1772
142.1302
139.4006
149.4275
142.0418
140.8084
139.3861
139.2881
142.4505
141.3088
134.3283

c3'
82.4205
81.531
78.1342
80.4487
80.6169
77.2179
77.3537
80.3175
86.3548
73.4847
80.0163
77.5424
74.8844
77.511
81.47281
71.1361

c4
42.9467
42.8605
36.43

42.3854
42.0886
42.0447
41.6221
38.9747
42.4541
40.7235

36.656

39.179
41.0444
43.8027

42.40147
34.379

Ccs'
35.224
33.6962
30.728
30.762
32.498
34.7655
35.0263
28.3112
31.2325
33.0898
30.3286
32.4444
32.0433
30.5229
34.05981
27.3426

Co'
29.9766
30.4887
23.4308
30.2495
27.5504

30.253
29.9569
27.6288
29.9869
27.9766
23.5662
28.2634
28.6065
30.2226

29.68078
22.6007

CcT
19.3346
19.3011
16.9067
19.486
19.6726
19.3031
19.3098
16.8266
19.5655
19.2385
16.2031
16.9623
19.0249
19.3575
19.17295
14.085

COCH3
183.1498
182.3721
183.397
182.6235
182.5055
179.5718
179.4848
182.7025
184.0261
178.8423
182.5443
179.6523
179.7968
178.853
182.6719
171.2096

COCH;
26.3016
26.5523
26.3362
26.3933
26.6057

25.773
25.8972
26.4054
26.1379
259314
26.6399
25.7965
25.7958
25.7022
26.37363
21.3494

8.27
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Table S18. Comparison between DFT and experimental '>C NMR chemical shifts for the most relevant conformers of 3 considering PCM solvation

in CHCls.

Conformer AG*
3-1 0.0000
3-2 0.4198
33 0.4606
34 1.2305
3-5 1.3353
3-6 1.5161
3-7 2.0018
3-8 2.1241
3-9 2.2772
3-10 2.3745
3-11 2.4454
3-12 2.4592
3-13 2.6142
3-14 2.7567
3-15 2.8414
3-16 2.8483

Weighted values®

Pb
0.4114
0.2025
0.1891
0.0515
0.0432
0.0318
0.0140
0.0114
0.0087
0.0075
0.0066
0.0065
0.0050
0.0039
0.0034
0.0034

Experimental values!

2 In kcal/mol.

RMSD

C2
172.2233
172.2359
172.6601
172.9462
172.2144
172.6533
172.8865
172.3355
172.9261
172.8579
173.8324
172.8367
172.2248
172.6365
172.2954
173.0213
172.3869

162.857

C3
126.7860
126.9423
129.8417
129.8844
126.8060
129.7590
130.0036
126.9273
129.8722
129.9774
129.7371
129.8675
126.7940
129.8063
126.8212
129.5536
127.7995
123.0075

® In molar fraction from AG® values at 298 K and 1 atm.
¢ Shielding constants were obtained from the DFT optimized structures using GIAO-DFT B3LYP/DGDZVP calculated from the BILYP/DGDZVP. Values were Boltzmann averaged with the equation X 6 x Pi,

where ' is the '*C NMR chemical shift value (in ppm) for each conformer and P'is the population for the ith conformation.

C4
157.7934
157.8306
156.1570
156.0314
157.7890
156.1039
155.9454
157.8990
156.0568
155.9574
158.2648
155.9539
157.8786
156.2304
157.8888
156.7113
157.2637
144.3283

C5
68.2666
68.2391
71.3395
72.1018
68.2950
71.5607
72.3124
68.1747
72.0654
71.9536
70.7211
72.2046
68.2750
71.3308
68.2428
70.7782
69.3193
63.2989

C6
89.9216
89.8462
85.0535
86.6666
89.9642
84.7595
86.5762
89.8095
86.5781
86.3823
88.1403
86.5151
89.9355
84.9783
89.8732
87.0455
88.4822
78.0568

4 In ppm, measured at 400 MHz from CDCl; solutions using TMS as the internal standard.

Ccr
134.9332
137.7417
137.5598
141.4844
135.4296
143.0499
141.8127
138.6627
141.2132
141.5701
133.0861
139.5649
135.6064
138.1419
135.3446
137.7967
136.8942
125.6675

Cc2'
141.7458
141.2293
143.1330
141.2388
139.9231
134.8076
141.3508
140.6584
141.4729
141.8264
148.6686
141.1245
139.7892
143.4723
141.7950
143.1129
141.5912
134.3283

c3'
82.6571
81.8098
78.2155
779171
80.6589
78.0513
75.6792
80.7850
78.1915
74.6172
85.9156
73.3972
80.5215
75.6842
77.9946
81.8252
80.8492
71.1361

c4
42.6402
42.4653
41.2464
41.4396
42.3433
43.1279
40.4044
41.6345
38.6589
35.0984
42.6471
35.4623
38.9697
40.2858
36.0549
44.7037
42.0555
34.379

Ccs'
35.1927
33.7925
34.5236
34.3664
30.5241
30.4301
31.9846
32.1886
32.0586
29.6627
30.8719
29.9270
39.6335
32.7482
30.3472
34.3225
34.1667
27.3426

Ceo'
29.6499
30.0914
29.7567
29.9431
30.0035
29.9565
28.0239
27.4136
28.1436
24.2473
29.8425
23.1420
27.3833
27.6714
23.2422
30.0508
29.6152
22.6007

c7
18.9988
18.9884
18.9652
18.9917
19.1061
19.0163
18.8737
19.1122
16.6109
15.5061
19.1525
15.7394
16.4566
19.0457
16.4851
18.9051
18.9049
14.085

COCH3

185.5288
184.7092
182.1253
181.9381
185.0057
181.5537
182.0888
184.7376
181.9602
182.1438
186.4165
182.8932
185.0777
181.6806
185.5850
181.6648
184.2164
171.2096

COCH;
26.1403
26.4384
25.9461
25.7760
26.2694
25.7735
25.7901
26.4791
25.8099
25.8348
26.0068
25.5342
26.2773
25.9872
26.1625
26.0296
26.1259
21.3494
8.74
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Table S19. Comparison between DFT and experimental '>*C NMR chemical shifts for the most relevant conformers of 5.
Conformer 4G*

5-1
5-2
5-3
5-4
5-5
5-6
5-7
5-8
59
5-10
5-11
5-12
5-13
5-14
5-15
5-16
5-17
5-18
5-19
5-20
5-21

0
0.26481
0.63504
0.97954
1.04920
1.20545
1.31338
1.35981
1.58509
1.65537
1.97791
2.17432
2.23896
2.24335
2.32367
2.44039
2.48808
2.57718
2.78614
2.83509
2.86458
Weighted values®

Pb
0.33227
0.21250
0.11375
0.06356
0.05654
0.04343
0.03620
0.03347
0.02288
0.02032
0.01179
0.00846
0.00759
0.00753
0.00658
0.00540
0.00498
0.00429
0.00301
0.00277
0.00264

Experimental values!

2 In kcal/mol.

b In molar fraction from AG® values at 298 K and 1 atm.

RMSD

C2
173.3566
173.213
173.3889
173.3549
173.3905
173.3348
173.204
173.1986
173.3834
173.3092
172.7737
173.3307
173.4115
173.3067
173.1374
173.3959
173.4727
172.8283
173.383
173.3859
173.4494
173.3042
163.119

C3
129.3803
129.8627
129.3622
129.3785
129.3746
129.3781

129.956
129.9581
129.3421
129.3656
129.5365
129.3708
129.5803
129.4596
130.0596
129.3864
130.5503
129.5424
129.3806
129.3773
130.5305
129.5329
122.7925

C4
157.6177
157.1169
157.6147

157.567
157.6263
157.6088
157.0693
157.0603
157.7275

157.53
154.9567
157.6067
156.9524
157.4933

157.017
157.6381
155.1562

154.977
157.7099
157.7145

155222
157.3942
144.5857

Cs
70.8072
70.0476
70.9401

70.919
70.6783
70.7702

70.227
70.2251
70.7858
70.9771
66.6433
70.8565
69.5591
70.8363

70.163
70.8077
69.4265
66.6432
70.9511
70.9545
70.0708
70.5312
63.3476

C6
85.3397
84.8134
85.6932
85.5251
85.2621
85.4164
84.9145
84.9183
85.5471
85.8263
87.4581
85.4217
83.9791
85.4593
84.6014

85.33
85.2376
87.4197
85.6459
85.6435
85.4946
85.2830
77.9432

Ccr'
137.3499
137.8878
139.9971
137.9369
138.0659
137.4116
140.3308
140.3357
137.5417
140.412
141.1393
137.6932
135.8366
140.0634
137.9343
138.3524
137.3702
141.1252
138.6812
138.6918
139.5726
138.2114
125.9883

Cc2'
143.0497
141.5538
143.2619
142.7999
140.2718
142.8143
142.3308
142.3228
142.8102
142.4443
137.1847
143.017
144.9453
143.0511
142.206
139.8901
140.7708
137.3021
144.4406
144.4323
142.6255
142.3932
133.989

C3'
79.891
80.2502
79.1799
75.8979
77.9602
80.0715
79.3191
79.3213
80.3221
77.4559
82.7604
74.9542
78.4918
76.6267
75.0751
77.6514
79.1185
82.6183
80.6688
80.6633
77.7446
79.3690
70.8769

Cc4'
42.3893
42.47
41.9271
41.052
42.0601
39.6876
42.0039
42.0003
39.4281
40.8163
42.0921
35.7149
39.7971
35.2096
35.781
38.6466
39.3616
39.0916
40.7881
40.7895
353156
41.7502
34.3643

Cs'
35.3625
35.4291
33.8564
32.5324
30.4391
32.6825
33.8365
33.8379

33.28
32.2482
30.5513
29.9258
28.4425
29.8255
29.9628
27.9623
27.8028
28.0758
34.1157
34.1164
29.8976
34.0493
27.3082

Co'
29.6618
29.6198
30.1295
26.8258
30.0727
27.8286

30.149
30.148
27.9502
27.8747
29.98
23.3782
28.4581
23.8078
23.3935
27.4404
27.4982
27.6762
29.4302
29.4303
242174
29.2360
22.5876

c7'

19.0827
19.1003
19.0076
19.0808
19.1631
16.7024

19.004
19.0041
16.8178
19.1891
19.1217

15.617
16.5516

15.541
15.6291
16.5077
16.4501
16.4738
19.1584
19.1582
15.6238
18.7788
14.0611

COCH3
183.8361
183.8315
183.0198
184.0203
183.3589
183.9408
182.9465
182.9439
183.8815
183.1494
185.9721
183.9643
182.7754
183.1966

183.897
183.3525
183.8266

185.94
182.7127

182.714
183.5155
183.6633
171.1353

COCH;
25.9917
26.029
26.2009
26.0114
26.0891
26.0295
26.2159
26.2179
26.0241
26.1981
26.1655
25.9873
25.8885
26.1551
25.9802
26.1021
25.9822
26.1161
26.2367
26.2385
26.1139
26.0568
21.3265
8.13

¢ Shielding constants were obtained frm the DFT optimized structures using GIAO-DFT B3LYP/DGDZVP calculated from the BILYP/DGDZVP. Values were Boltzmann averaged with the equation X' §' x P,
where ' is the '*C NMR chemical shift value (in ppm) for each conformer and P'is the population for the ith conformation.

4 In ppm, measured at 400 MHz from CDCI; solutions using TMS as the internal standard.
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Table S20. Comparison between DFT and experimental '>C NMR chemical shifts for the most relevant conformers of 5 considering PCM solvation

in CHCls.
Conformer AG*
5-1 0.0000
5-2 0.1995
5-3 0.8465
5-4 0.9293
5-5 0.9375
5-6 1.3128
5-7 1.3899
5-8 1.4458
5-9 1.6347
5-10 1.6685
5-11 1.7018
5-12 1.7037
5-13 2.1731
5-14 2.1737
5-15 2.1957
5-16 2.2208
5-17 2.5226
5-18 2.6205
5-19 2.6211
5-20 2.9725

Weighted values®

Pb
0.3290
0.2349
0.0788
0.0685
0.0676
0.0359
0.0315
0.0287
0.0208
0.0197
0.0186
0.0185
0.0084
0.0084
0.0081
0.0077
0.0047
0.0039
0.0039
0.0022

Experimental values!

2 In kcal/mol.

RMSD

C2
169.6797
169.7404
169.7007
169.6654
169.7545
169.6983
169.7021
168.9394
168.7709
169.9649
168.9888
168.9904
169.7482
169.6953
169.7089

169.719
169.9582
168.8457
168.8451
169.7032
169.6031

163.119

C3
130.2394
130.1895
130.1822
130.2378
130.164
130.2067
130.2273
132.5203
130.5808
130.6566
132.5741
132.5707
130.2381
130.2261
130.2559
130.1676
130.6074
130.5658
130.566
130.2236
130.3614
122.7925

® In molar fraction from AG® values at 298 K and 1 atm.
¢ Shielding constants were obtained from the DFT optimized structures using GIAO-DFT B3LYP/DGDZVP calculated from the BALYP/DGDZVP. Values were Boltzmann averaged with the equation 2 §' x Pi,

where J' is the *C NMR chemical shift value (in ppm) for each conformer and P'is the population for the ith conformation.

C4
155.3689
155.4113
155.4193
155.3852
155.4795
155.4775
155.3832
152.3062
151.5994
153.921
152.3008
152.3023
155.463
155.4166
155.3334
155.4826
154.2452
151.7616
151.7588
155.3595
155.0244
144.5857

Cs
70.6346
70.7108
70.7431
70.6623
70.6685
70.6323
70.5284
70.0554

66.806
69.2929
70.1852
70.1834
70.6387
70.6923
70.5396
70.6409
69.4179
67.0214
67.0208
70.6607
70.4742
63.3476

C6
84.3291
84.6568
84.4187
84.4411
84.6784
84.5034
84.1713
83.4961
86.0849
83.1612
83.7412
83.7374
84.5609
84.3893
84.4461
84.2359
83.3061
86.0511
86.0516
84.3857
84.4080
77.9432

4 Tn ppm, measured at 400 MHz from CDCIs solutions using TMS as the internal standard.

cr

139.5319
141.8194
140.0106
139.7056
141.8377
139.7607
140.1734

140.369
144.6792
136.9045
142.5651
142.5691
140.2315

139.779
141.5808
140.4721
137.1803
144.6238
144.6248

138.225
140.5248
125.9883

Cc2'
140.4641
141.0397
140.5605
140.1957
140.4416
140.2754
137.5964

138.66
133.7084
144.5447
139.4881
139.4923
142.5675
140.6615
141.0022
137.2373
147.8842
135.444
135.4432
140.5946
140.3086
133.989

c3'
79.6344
78.9131
75.5743
79.7164
77.2759
79.99
77.6058
80.0213
82.501
78.8549
79.1996
79.1933
80.5322
74.6001
76.3892
77.3097
81.0051
79.1842
79.1816
81.8147
78.8921
70.8769

c4'
42.5082
42.1821
41.2289
39.8041
40.7281
39.5023
42.0157
42.6649
42.3683
39.3543
42.3149
42.3135
40.9556
35.8205
35.2862
38.547
40.5281
35.6839
35.6839
35.1255
41.5886
34.3643

Ccs'
35.4386
33.8261
32.564
32.7389
32.2438
33.3423
30.4342
35.4975
30.4189
28.5854
33.7989
33.7984
34.4013
29.9442
29.6737
27.935
33.6399
29.6248
29.622
35.8651
33.6816
27.3082

Ceo'
29.6958
30.2725

26.801
27.8647
27.7795
27.9468
30.0914
29.6737
30.0024
28.5649
30.3088
30.3089
29.3754
23.3474

23.626
27.3927
29.5215
23.0648
23.0653
25.6111
29.1137
22.5876

CcT
19.186
19.0499
19.2046
16.7839
19.3282
16.9327
19.2728
19.2073
19.2023
16.6572
19.0476
19.0478
19.2284
15.6444
15.5477
16.6387
18.9345
15.8044
15.8016
15.9883
18.7515
14.0611

COCH3
181.5151
180.78
181.7073
181.6207
180.998
181.5412
181.0069
181.4583
183.5263
180.1514
180.6813
180.68
180.4702
181.6438
181.0108
181.0335
179.5595
183.7646
183.7641
181.3859
181.2534
171.1353

COCH;
25.9043
26.0989
25.9158
25.9373
26.0738
25.9322
25.9887
25.9857
26.0234
25.716
26.1765
26.1777
26.1311
25.8919
26.0573
25.9873
25.8794
25.9533
25.9529
26.4484
25.9795
21.3265
7.49
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Table S21. '"H NMR data of compounds 2 and 4 obtained by non-linear fit of the spectra to spectral parameters®

H 2
3 6.2258 (1H d, J34= 9.29)

4 7.0016 (1H dd, J3 4= 9.29, J1.5=5.60)

5 5.2723 (1H dd, Ja 5= 5.60, J56=2.99)

6 5.5215 (1H dd, Js 6= 2.99, J6,1=8.20)

G 5.6511 (1H dd, Js1= 8.20, Jio=11.45)

2 5.7610 (1H dd, Ji 2= 11.45, J»3=7.65)

3 4.4089 (1H ddd, J23=7.65, J3 4pror=7.25,

J3 41pr05=6.40)
aCoupling constants in Hz.

4

6.1280 (1H d, J3.4= 9.80)

6.9773 (1H dd, J3.4= 9.80, J15=4.90)

4.2442 (1H dd, Ja 5= 4.90, J56=3.30)

5.3591 (1H ddd, Js 6= 3.30, J6,1=7.65)

5.7850 (1H dd, J,1= 7.65, J12=11.70)

5.8380 (1H ddd, Ji'>= 11.70, J2:3=7.60)

4.4723 (1H ddd, J2 3= 7.60, J34pror=6.70, J3" 41pr05=6.40)

Table S22. '"H NMR data of compounds 3 and 5 obtained by non-linear fit of the spectra to spectral parameters?

H 3

3 6.1799 (1H d, Js.4= 9.75)

4 7.0363 (1H dd, J3 4= 9.75, J45=5.57)

5 4.1775 (1H dd, Ja 5= 5.57, J5 5=2.98)

6 5.3371 (1H dd, Js 6= 2.98, J6.1=6.62, Js,=-1.10)

ik 5.7705 (1H dd, Js,1= 6.62, Ji12=11.60)

2 5.7170 (1H dd, Jy-= 11.60, J»3=8.60, Js,=-1.1)

3 5.5395 (1H ddd, Jo3= 8.60, J3 4pror= 7.54, J3 4pros= 5.67)

4'proS 1.6591 (IH dddd, , J3',4'17"US: 5.67, J4'17V0574'I7’0R:'14~50: J4'proS,5’proS:9.65:
Japros 5pror=6.30)

4,17’”0R 1.7559 (IH ddddd’ ‘]3',4'177013: 7547 J4'proS,4'proR:'14.50, J4'proR,5’proS=4-65,
J4'proR,5'pr0R=9-80)

SlproS 1.3851 (IH ddddd, JS'proSA’proS: 9.65, JS'p)‘oS‘4'prgR=4.65’ JS’proR,S'proS='14.5,
JS'proS,(,'pms=6.90, JS'prOS,()'proR:6.90)

S 13665 (1H ddddd, Jeymospros= 630 , Sy 980, Jsyrospros=-14.5,
I5r08,6pr05=6.90, J5/pros,67pror=6.90)

6'pros  1.3561 (1H dddd, Jsipros,610576.90, J5pror 6pros=6.90 Jepros,epror=-14.50,
J5,7=6.95)

6'pror  1.3489 (1H dddd, Jspr05.6pror=6.90, J5:pror 6pror=6.90 Jepros,6pror=-14.50,
J5,7=6.95)

7 0.9432 (3H t, J¢,7=6.95)

2Coupling constants in Hz.

5
6.1036 (1H d, J34= 9.76)
6.9846 (1H dd, J34= 9.76, J45=5.53)
4.1233 (1H dd, Ji 5= 5.53, J5,5=3.04)
5.3068 (1H ddd, Js.¢= 3.04, J5,=7.52, Joo= 0.92)
5.7577 (1H dd, Jo,1= 7.52, Ji12=11.46)
5.6589 (1H ddd, Ji2= 11.46, J23=9.10, Js,=0.92)
5.4640 (1H ddd, Jo:3= 9.10, Jy 4pror= 5.90, J3 4pros= 7.38)

1.6990 (lH dddd, 5 J3’,4’pr05‘: 738; J4’proS,4’proR:-14.50, J4’111‘0S,5’proS:9.80,
Japros,spror=4.50)

1.5909 (1H ddddd, J3 4pror= 5.90, Japros apror=-14.50, Japror 57r0s=6.00,
J4’pr‘oR,5’pr0R:9.30)

1.3075 (1H ddddd, Japros,5pro5=9-80, Japror 5pros=6.00, Jsipros,sipror=-14.5,
I51pr08.6/pros=6.90, Jspros,6pror=6.90)

1.3530 (1H ddddd, Japrosspror=4.50 , Japror.spror=9.30, Jsipros.spror=-14.5,
I5pr08,6'pros=6.90, J51pros,6pror=6.90)

1.3001 (1H dddd, Js5105,6'pr05=6.90, J5pror 67pr05=6.90 Jspros,epror=-14.50, Js 7=6.94)

1.3017 (1H dddd, J5pr56pr0x=6.90, Jsipror 6ror=6.90 Jsipros.sipror=-14.50, J5.7=6.94)

0.8999 (3H t, Jy7=6.94)
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Table S23. 'H NMR data of compounds 10 and 14 obtained by non-linear fit of the spectra to spectral parameters

H 10 14
3 6.2299 (1H d, J3.4= 9.60) 6.2316 (1H d, J3.4= 9.65)

4 7.0854 (1H dd, J3 4= 9.60, J1.5=6.10) 7.1269 (1H dd, J3 4= 9.65, J1,5=6.15)

5 5.4059 (1H dd, Ja 5= 6.10, J5 6=2.30) 5.4385 (1H dd, Ja 5= 6.15, J55=2.50)

6 4.5521 (1H dd, Js 6= 2.30, J6,1=9.50) 4.8018 (1H ddd, Js5.6= 2.50, Js,1=10.00)

G 3.8900 (1H dd, Jo.= 9.50) 4.2046 (1H dd, Js,1=10.00, J112=1.30)

2! 4.0239 (1H dd, J23=5.60) 4.2527 (1H ddd, Ji2=1.30, J2,3=6.50)

3 5.0608 (1H ddd, J23= 5.60, J3'41ror=7.20, 5.1253 (1H ddd, J2.3= 6.50, Jy.41ror=5.50, J 4pr05=7.86)

J3'47pros=5.05)
aCoupling constants in Hz.
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Figure S1. Experimental (A) and simulated (B) '"H NMR spectra (400 MHz) of 3.
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Figure S3. RMSD values for different percentages of hydrogen bonded conformations of 3.

Table S24. Corrected theoretical coupling constant for different percentages of hydrogen bonded conformations of

3.

Percentaje®
93.2
87.1
81.0
74.8
68.7
64.2
61.4
54.7
534
51.5
49.7
46.1
40
33.8
27.7
21.5
154
9.3

RMSD
1.52
1.34
1.17
1.04
0.90
0.87
0.87
0.88
0.89
0.92
0.97
1.01
1.13
1.27
1.41
1.54
1.68
1.86

JIs.6

4.57
4.43
4.30
4.16
4.00
3.89
3.86
3.71
3.68
3.65
3.63
3.60
3.53
3.48
341
3.28
3.12
3.16

Corrected coupling constant (J) in Hz*

Jo.1'
5.68
5.73
5.77
5.82
5.80
5.87
5.92
5.97
5.98
6.02
5.96
6.22
6.45
6.71
6.93
6.98
6.98
7.47

Jro

13.97
13.65
13.33
13.01
12.59
12.35
12.3

11.96
11.89
11.82
11.00
11.79
11.72
11.71
11.63
11.32
10.94
11.25

J2 3
10.61
10.41
10.20
9.99
9.71
9.56
9.54
9.31
9.27
9.24
9.05
9.25
9.26
9.31
9.30
9.09
8.84
9.15

J3 4proR
8.23
7.86
7.49
7.12
6.73
6.41
6.31
591
5.83
5.73
5.64
5.48
5.18
4.90
4.60
4.23
3.85
3.66

J3 47pr0s
5.96
6.01
6.05
6.10
6.08
6.15
6.20
6.24
6.25
6.29
6.36
6.50
6.74
7.01
7.23
7.28
7.28
7.79

Calculated considering PCM solvation in CHCl;3. The scaling factors were as follows: frsp3)-Hp3) = 0.910; frsp3)-Hsp2) =0.929 and

Frep2y-Hep2) = 0.977. PPercentaje of total hydrogen bonded conformations. frp2)-nesp2) = 0.977. PPercentaje of total hydrogen

bonded conformation.
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Figure S4. A) 3C NMR spectrum in CDCl3 (100 MHz) of pectinolide C (3); B) 13C NMR spectrum of pectinolide J (5).

117



H-1’ H-2' H-3’ proR H-4' proS H-4’

0
ﬂ ﬁ;‘o\ﬁ/\/ proS H-4' proR H-4’
) M

- - T T T T
5.75 5.70 5.65 5.50 545 175 1.70 1.65 1.60

Figure S5. A) "H NMR spectrum of pectinolide C (3); and B) "H NMR spectrum of pectinolide J (5) in CDCl3 (700 MHz).
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Figure S6. NOE difference spectrum of pectinolide C (3) with "H NMR spectrum for comparison in CDCIl3 (700 MHz).
Vertical arrow indicate the irradiation frequency of H-2' (5= 5.66).
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Figure S7. NOE difference spectrum of pectinolide J (5) with '"H NMR spectrum for comparison in CDCIl3 (700 MHz).
Vertical arrow indicate the irradiation frequency of H-2' (5= 5.72).

120



33

proS
2w A
N 1.21%
P=41.1%
P=442%

Figure S8. The four most relevant conformers of 3 modeled in CHCI; solution and their contribution to the NOE effect between H-2' and H-4".
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Figure S10. The four most relevant conformers of 2 modeled in CHCI; solution.
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Figure S11. The four most relevant conformers of 3 modeled in gas phase.
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Figure S12. The four most relevant conformers of 4 modeled in gas phase.
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Figure S13. The four most relevant conformers of 4 modeled in CHCI3 solution.
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Figure S14. The four most relevant conformers of 5 modeled in gas phase.
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Figure S15. The four most relevant conformers of 10 modeled in gas phase.
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Figure S16. The four most relevant conformers of 10 modeled in CHCl; solution.

125



14-1
P=550%

14-2
P=211%

Figure S17. The four most relevant conformers of 14 modeled in gas phase.

14-1
P=79.9%

Figure S18. The four most relevant conformers of 14 modeled in CHCl; solution.

126



Physical and spectroscopic constants of petinolides A-C (1-3):

Pectinolide A (1): colorless oil; [a]p +202.0° (¢ 0.15, MeOH); 'H NMR (400 MHz, CDCIs) § 6.95
(dd, J=9.7, 5.7 Hz, 1H, H-4), 6.24 (d, J=9.7 Hz, 1H, H-3), 5.73 (dd, /= 10.9, 8.4 Hz, 1H, H-
1'), 5.64 (dd, J = 10.5, 10.1 Hz, 1H, H-2"), 5.59 (dd, J = 8.1, 12.9 Hz, 1H, H-6), 5.35 (ddd, J =
10.1,7.4, 6.3 Hz, 1H, H-3"), 5.18 (dd, J=5.7, 3.0 Hz, 1H, H-5), 2.08 (s, 3H, 5-OAc), 2.04 (s, 3H,
3'-OAc), 1.70 (m, 2H, H-4"), 1.54 (m, 2H, H-5"), 1.30 (m, 2H, H-6"), 0.90 (t, J = 7.1 Hz, 3H, H-
7). BC NMR (101 MHz, CDCl;) 6 170.26, 169.81 (Me-CO-), 162.09 (C-2), 139.89 (C-4), 133.16
(C-1"), 126.24 (C-2"), 124.81 (C-3), 75.07 (C-6), 69.39 (C-3"), 64.49 (C-5), 34.05 (C-4"), 27.23
(C-5"),22.46 (C-6'), 21.10 (Me-CO-), 20.49 (Me-CO-), 13.88 (C-7).

Pectinolide B (2): colorless oil; [a]p +89.6° (¢ 0.57, MeOH). '"H NMR (500 MHz, CDCl;) § 6.97
(dd, J=9.7, 5.6 Hz, 1H, H-4), 6.22 (d, J=9.7 Hz, 1H, H-3), 5.76 (dd, J=11.4, 7.8 Hz, 1H, H-
2'),5.65(dd, J=114, 8.2 Hz, 1H, H-1"), 5.52 (dd, J = 8.2, 3.1 Hz, 1H, H-6), 5.27 (dd, J=5.5,
3.1 Hz, 1H, H-5), 4.41 (dd, J = 14.0, 7.0 Hz, 1H, H-3"), 2.10 (s, 3H, 5-OAc), 1.61 (m, 1H, H-
4'1r0r), 1.48 (m, 1H, H-4'1r05), 1.35 (m, 4H, H-5', H-6"), 0.91 (t, J = 6.0 Hz, 3H, H-7"). *C NMR
(126 MHz, CDCl3) 6 170.14 (Me-CO-), 162.59 (C-2), 140.50 (C-4) 139.03 (C-2'), 124.81 (C-3),
123.04 (C-1"), 74.84 (C-6), 68.39 (C-3"), 63.82 (C-5), 37.05 (C-4'), 27.43 (C-5"), 22.74 (C-6"),
20.56 (Me-CO-), 14.13 (C-7").

Pectinolide C (3): colorless oil; [a]p +80.9° (¢ 0.76, MeOH). 'H NMR (400 MHz, CDCls) § 7.01
(dd, J=9.8, 5.4 Hz, 1H, H-4), 6.08 (d, /= 9.8 Hz, 1H, H-3), 5.82 (dd, J=11.2, 8 Hz, 1H,H-1"),
5.66 (dd,J=11.2,9.2 Hz, 1H, H-2"), 5.44 (ddd, J=9.2,6.8,5.8 Hz, 1H, H-3"), 5.35 (dd, J = 8.0,
3.0 Hz, 1H, H-6), 4.12 (dd, J = 5.4, 3.0 Hz, 1H, H-5), 2.04 (s, 3H, MeOAc), 1.68 (m, 2H, H-4’),
1.55 (m, 2H, H-5"), 1.29 (m, 2H, H-6"), 0.90 (t,J= 6.9 Hz, 3H, H-7"). ®*C NMR (101 MHz, CDCl3)
6 171.03 (Me-CO-), 162.67 (C-2), 144.14 (C-4), 134.15 (C-2"), 125.49 (C-1"), 122.83 (C-3), 77.88
(C-6), 70.96 (C-3"), 63.13 (C-5), 34.21 (C-4'), 27.17 (C-5'), 22.44 (C-6"), 21.18 (Me-CO-), 13.92

(C-7).
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Figure S19. '"H NMR spectra of pectinolide I (4) in CDCl; (400 MHz).
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Figure S20. °C NMR spectra of pectinolide I (4) in CDCls (100 MHz).

129



OH

L N

7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0

- T Y T T T T T

; ; : ; T T T —
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure S21. 'H (400 MHz; insert) and '3C (100 MHz) NMR spectra of pectinolide I (4) in CD3;OD.
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Figure S22. '"H NMR spectra of pectinolide J (5) in CDCl3 (400 MHz).

131



T T N T T T T T T T * T T T T T T T T T T T T T T T T T T T 1 T T T T T T T T *
7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 54 5.2 50 4.8 46 44 4.2 4.0 3.8 3.6 3.4 3.2 3.0 28 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6

Figure S23. '"H NMR spectra of pectinolide K (6) in CDCl; (400 MHz).
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Figure S24. 3C NMR spectra of pectinolide K (6) in CDCl3 (100 MHz).
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Figure S25. '"H NMR spectra of pectinolide L (7) in CDCl; (400 MHz).
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Figure S26. 3C NMR spectra of pectinolide L (7) in CDCl3 (100 MHz).
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Figure S27. '"H NMR spectra of pectinolide M (8) in CDCl3 (400 MHz).
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Figure S28. 3C NMR spectra of pectinolide M (8) in CDCl3 (100 MHz).
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Figure S29. 'H NMR spectra of monticolide A (9) in CDCl3 (400 MHz).

138



OAc éAc OAc

T T T T T

170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10
Figure S30. '3C NMR spectra of monticolide A (9) in CDCIs (100 MHz).
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Figure S31. '"H NMR spectra of monticolide B (10) in CDCl; (400 MHz).
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Figure S32. 3C NMR spectra of monticolide B (10) in CDCl; (100 MHz).
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Figure S33. '"H NMR spectra of derivate 14 in CDCl3 (300 MHz).
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Figure S34. 3C NMR spectra of derivate 14 in CDCl3 (75 MHz).
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Figure S35. '"H NMR spectra of R- (cyan) and S-MTPA (red) ester derivatives 11 of compound 4 in CDCIl3 (300 MHz).
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Figure S36. '"H NMR spectra of S- (cyan) and R-MTPA (red) ester derivatives (16) of compound 14 in CDCl3 (300 MHz). The preparation of
these derivatives was performed in NMR tubes and 'H spectra were recorded directly without purification of reaction mixtures.
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Figure S37. Comparison of the "H NMR spectra (300 MHz in DMSO) for the mixture of 6-heptenyl-5,6-dihydro-2H-pyran-2-onas
from the analysed fraction of H. monticola (red) and monticolide B (10; black).
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Figure S38. The most relevant conformer of pectinolides A (1) and K (6) modeled in gas phase. Arrows
indicate the less hindered face of the side chain double bond for the interaction with epoxidation reagent
(mCPBA).
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Figure S39. Complexes between docked compounds (3, 6, 9, 10, 12 and 20) and a-tubulin
(A-F). The distance between the Lys352 amino group and S carbon of the ¢, f-unsaturated
lactone (NH2-Cp), the docking energy (Ey), and the hydrogen bond distances are indicated.
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Coordinates for all computes conformers of epimers 3 and 5

Structure 3-1 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y z

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.340944
3 6 0 1.256053 0.000000 -0.782036
4 8 0 2.426051 -0.140197 -0.087512
5 8 0 1.300432 0.185669  -1.982145
6 6 0 1.278725 -0.083004 2.140749
7 6 0 2.409922 -0.669048 1.258331
8 1 0 -0.907479 0.098875 -0.588169
9 1 0 -0.926295 0.117811 1.899774
10 1 0 1.134803 -0.793104 2.963482
11 8 0 1.560595 1.154195 2.773048
12 1 0 1.936193 1.789312 2.129555
13 1 0 2.203149 -1.745667 1.170144
14 6 0 3.761507 -0.502906 1.899127
15 6 0 4.797411 0.280570 1.570797
16 1 0 3.870973 -1.119193 2.791342
17 1 0 5.677098 0.226722 2.213749
18 6 0 4.947675 1.244743 0.419835
19 8 0 5.305600 2.562881 0.979001
20 6 0 4.302459 3.364305 1.380807
21 8 0 3.116612 3.071539 1.319400
22 6 0 4.823996 4.672322 1.927254
23 1 0 4.019682 1.360537 -0.131105
24 1 0 5.272264 4.496469 2.910789
25 1 0 3.999760 5.377933 2.030728
26 1 0 5.601581 5.082253 1.278104
27 6 0 6.086757 0.851263 -0.523087
28 6 0 6.240822 1.783307 -1.733170
29 6 0 7.357043 1.341583 -2.691071
30 6 0 7.514804 2.273151 -3.899788
31 1 0 8.319254 1.933815 -4.561706
32 1 0 7.752580 3.296047 -3.584385
33 1 0 8.307973 1.290955 -2.143276
34 1 0 7.151981 0.321407 -3.041990
35 1 0 6.592853 2.315136 -4.491214
36 1 0 5.288918 1.823226 -2.279737
37 1 0 6.444304 2.803461  -1.385050
38 1 0 7.026072 0.806884 0.043815
39 1 0 5.876690 -0.168551 -0.867043

Structure 3-2 in gas phase

PRRPRRPRPRRPRPRPPOODORRPRPPONODNORROORRPRORRPRPOODN0D OO

[cloNoNoolololooNooloNoolooolooNoNoloN oo o oNolo oo oo o oo o NoNoNa]

0.000000 0.000000
0.000000 0.000000
1.256317 0.000000
2.425701 -0.137189
1.301227 0.182508
1.278779 -0.082283
2.409487 -0.668051
-0.907527 0.098383
-0.926274 0.117667
1.135891 -0.791614
1.560733 1.156222
1.928056 1.790516
2.200530 -1.744413
3.760949 -0.507080
4.809406 0.257561
3.860424  -1.114626
5.684810 0.196846
4.983720 1.218264
5.309663 2.542255
4.289139 3.332698
3.108066 3.029170
4.784427 4.643522
4.073093 1.321284
5.586014 5.055220
5.193283 4.469580
3.954460 5.346564
6.169058 0.868444
5.969543  -0.432830
7.137637 -0.729177
6.954675 -2.033730
6.044318 -2.004376
6.873687 -2.895178
8.072971 -0.777274
7.254046 0.106714
7.800486 -2.215743
5.845970 -1.272468
5.035749 -0.372461
6.311970 1.704597
7.080955 0.805976

0.000000
1.340981
-0.781689
-0.086054
-1.982343
2.140866
1.257650
-0.588148
1.899907
2.964370
2.770509
2.121262
1.168386
1.899431

1.925379
-0.166966

1.307490

2.926336

1.995972
-0.489500
-1.280666
-2.232396
-3.019313
-3.629114
-2.345841
-1.658165
-2.935056
-3.691620
-0.585040
-1.853938
-1.184946

0.118965
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Structure 3-3 in gas phase

0.000000
0.000000
0.000000
-0.147017
0.190694
-0.082354
-0.671046
0.099943
0.118538
-0.790056
1.156748
1.790088
-1.747961
-0.502893
0.270588
-1.109191
0.218850
1.220383
2.550779
3.344645
3.040145
4.660279
1.318004
4.499678
5.372575
5.053268
0.825555
1.726529
1.681439
0.318496
-0.018211
0.375345
2.436623
1.985682
-0.453198
2.760426
1.434654
0.825591

0.000000
1.340879
-0.781128
-0.088164
-1.980741
2.140223
1.259266
-0.588603

-0.158426
2.896721
1.931662
1.274631

-0.495303

-1.727876

-2.783579

-3.467915

-3.925812

-4.255825

-3.546683

-2.340380

-2.765577

-1.389656

-2.206331
0.107963

Center Atomic Atomic
Number Number Type X

1 6 0 0.000000
2 6 0 0.000000
3 6 0 1.256464
4 8 0 2.425966
5 8 0 1.301031
6 6 0 1.278731
7 6 0 2.410012
8 1 0 -0.907041
9 1 0 -0.926208
10 1 0 1.134898
11 8 0 1.561521
12 1 0 1.932470
13 1 0 2.203224
14 6 0 3.760952
15 6 0 4.803144
16 1 0 3.863763
17 1 0 5.678658
18 6 0 4.967179
19 8 0 5.301258
20 6 0 4.286274
21 8 0 3.103768
22 6 0 4.787411
23 1 0 4.047263
24 1 0 5.176638
25 1 0 3.963563
26 1 0 5.603324
27 6 0 6.139770
28 6 0 6.339850
29 6 0 5.218903
30 6 0 5.043433
31 1 0 5.982142
32 1 0 4.285585
33 1 0 5.447029
34 1 0 4.263028
35 1 0 4.712742
36 1 0 6.478878
37 1 0 7.284440
38 1 0 7.056660
39 1 0 5.973054

-0.212019

-0.804263

Structure 3-4 in gas phase

0.000000
0.000000
0.000000
-0.137586
0.185573
-0.090134
-0.672714
0.100753
0.119964
-0.806536
1.141074
1.780714
-1.748904
-0.507966
0.280815
-1.126756
0.231761
1.258542
2.562497
3.368853
3.092376
4.658284
1.399975
5.388838
5.046443
4.463577
0.886214
0.655061
0.397341
0.149326
-0.026913
-0.726448
1.254834
-0.465603
1.008663
1.527132
-0.201245
-0.014176

0.000000
1.340894
-0.782197
-0.086520
-1.982109
2.141480
1.256830
-0.588073
1.899830
2.958272
2.785091
2.152167
1.164137
1.900792
1.581499
2.791681
2.235762
0.439619
1.009101
1.449222
1.409444
2.011740
-0.074294
2.100518
1.385288
3.006363
-0.584653
-0.036003
-1.150088
-0.619609
-1.438368
0.039457
-1.836127
-1.748136
-0.044819
0.551222
0.650733
-1.101013

Center Atomic Atomic
Number Number Type X

1 6 0 0.000000
2 6 0 0.000000
3 6 0 1.255913
4 8 0 2.426202
5 8 0 1.300198
6 6 0 1.277544
7 6 0 2.409310
8 1 0 -0.907347
9 1 0 -0.925956
10 1 0 1.130713
11 8 0 1.560236
12 1 0 1.945585
13 1 0 2.202261
14 6 0 3.759371
15 6 0 4.794229
16 1 0 3.866044
17 1 0 5.663876
18 6 0 4.935066
19 8 0 5.329162
20 6 0 4.345793
21 8 0 3.155304
22 6 0 4._.895665
23 1 0 3.990224
24 1 0 4.091515
25 1 0 5.702087
26 1 0 5.310980
27 6 0 6.013495
28 6 0 7.429163
29 6 0 8.454894
30 6 0 9.872829
31 1 0 10.579181
32 1 0 9.903579
33 1 0 8.466948
34 1 0 8.132512
35 1 0 10.238086
36 1 0 7.743337
37 1 0 7.429493
38 1 0 5.659283
39 1 0 6.036612

1.685633

-1.336124
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Structure 3-5 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.340935
3 6 0 1.256509 0.000000 -0.780664
4 8 0 2.426089 -0.138027 -0.085637
5 8 0 1.301920 0.180569 -1.981816
6 6 0 1.279703 -0.078937 2.139581
7 6 0 2.409068 -0.668564 1.257763
8 1 0 -0.907212 0.097111 -0.588814
9 1 0 -0.926320 0.116654 1.899917
10 1 0 1.137805 -0.783373 2.967464
11 8 0 1.563255 1.163563 2.760338
12 1 0 1.927333 1.791664 2.103019
13 1 0 2.197589 -1.744585 1.169107
14 6 0 3.759300 -0.511448 1.902343
15 6 0 4.820491 0.235962 1.569116
16 1 0 3.845241 -1.107173 2.811214
17 1 0 5.685869 0.171130 2.230715
18 6 0 5.028409 1.182259 0.411673
19 8 0 5.314829 2.519412 0.974703
20 6 0 4.274054 3.299286 1.314015
21 8 0 3.100027 2.979245 1.188891
22 6 0 4.734193 4.621395 1.881842
23 1 0 4.141525 1.267709 -0.207928
24 1 0 5.583720 5.015336 1.319431
25 1 0 5.060863 4.468633 2.916087
26 1 0 3.905103 5.329167 1.873551
27 6 0 6.271824 0.836861 -0.417629
28 6 0 6.152391  -0.452061  -1.249811
29 6 0 5.226748 -0.345017 -2.472365
30 6 0 5.194086 -1.635480 -3.301543
31 1 0 4.530613 -1.531700 -4.166658
32 1 0 4.828516  -2.480034 -2.705161
33 1 0 5.568284 0.484851 -3.106546
34 1 0 4.206911 -0.097680 -2.160633
35 1 0 6.191871 -1.899443  -3.673297
36 1 0 7.159673 -0.722375  -1.593417
37 1 0 5.821639 -1.279522  -0.608306
38 1 0 6.475811 1.685636 -1.081872
39 1 0 7.128587 0.761355 0.264080

Structure 3-6 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341770
3 6 0 1.264324 0.000000 -0.781999
4 8 0 2.423812 -0.191964 -0.086873
5 8 0 1.304793 0.246331  -1.970501
6 6 0 1.298314 -0.095304 2.107616
7 6 0 2.348862  -0.803508 1.236371
8 1 0 -0.906304 0.102809 -0.589279
9 1 0 -0.922542 0.122265 1.905833
10 1 0 1.160397 -0.697834 3.010129
11 8 0 1.700908 1.191580 2.589718
12 1 0 1.766103 1.791798 1.827882
13 1 0 2.038336  -1.843571 1.097869
14 6 0 3.745069  -0.736407 1.793605
15 6 0 4.360739 -1.669084 2.530814
16 1 0 4.282988 0.178532 1.554157
17 1 0 5.383437 -1.471189 2.853633
18 6 0 3.806048 -2.992664 2.995131
19 8 0 4.524369  -4.065897 2.297436
20 6 0 4.002817 -4.490125 1.118667
21 8 0 2.958789  -4.076599 0.647292
22 6 0 4.891071  -5.526526 0.472420
23 1 0 2.748011  -3.092262 2.748000
24 1 0 5.266064 -6.238016 1.211984
25 1 0 5.755803 -5.024140 0.026038
26 1 0 4.336664 -6.042553 -0.311583
27 6 0 4.019187  -3.241362 4.491668
28 6 0 3.200866  -2.297713 5.384579
29 6 0 3.406049 -2.562848 6.883591
30 6 0 2.575587 -1.632775 7.777182
31 1 0 2.745832  -1.845000 8.838282
32 1 0 1.502762  -1.749402 7.583261
33 1 0 4.470586  -2.449966 7.128296
34 1 0 3.151142 -3.607610 7.106174
35 1 0 2.830656 -0.581118 7.602611
36 1 0 3.459317 -1.254874 5.161675
37 1 0 2.133004 -2.406882 5.145287
38 1 0 3.744207  -4.282044 4.701487
39 1 0 5.088079  -3.146175 4.721635
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Structure 3-7 in gas phase Structure 3-8 in gas phase

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 6 0 0.000000 0.000000 0.000000 1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341983 2 6 0 0.000000 0.000000 1.340952
3 6 0 1.263234 0.000000 -0.783266 3 6 0 1.255833 0.000000 -0.782368
4 8 0 2.426186  -0.190271  -0.089997 4 8 0 2.426588 -0.136252 -0.087271
5 8 0 1.302406 0.235872 -1.973485 5 8 0 1.299451 0.183733  -1.982637
6 6 0 1.298346  -0.087383 2.108043 6 6 0 1.277828 -0.087579 2.141394
7 6 0 2.356764  -0.789149 1.239214 7 6 0 2.410719 -0.668278 1.257105
8 1 0 -0.906870 0.099336  -0.589049 8 1 0 -0.907409 0.099710 -0.588136
9 1 0 -0.922879 0.118084 1.906229 9 1 0 -0.926170 0.118580 1.899843
10 1 0 1.164913 -0.691176 3.010394 10 1 0 1.132564  -0.803750 2.958614
11 8 0 1.692871 1.202058 2.587903 11 8 0 1.558189 1.144564 2.784032
12 1 0 1.724888 1.810517 1.830524 12 1 0 1.939385 1.785266 2.149423
13 1 0 2.037990 -1.828757 1.114282 13 1 0 2.207371  -1.745318 1.166523
14 6 0 3.745333 -0.709034 1.806396 14 6 0 3.759155  -0.496797 1.902857
15 6 0 4.470365 -1.715788 2.310138 15 6 0 4.790496 0.297733 1.586284
16 1 0 4.175907 0.289902 1.800520 16 1 0 3.866457 -1.113831 2.794896
17 1 0 5.466632  -1.484280 2.687735 17 1 0 5.657606 0.254227 2.244192
18 6 0 4.079564  -3.163352 2.444663 18 6 0 4.928525 1.274581 0.443410
19 8 0 5.109493 -3.912360 1.721792 19 8 0 5.304359 2.585040 1.011011
20 6 0 4.720510 -5.052251 1.093731 20 6 0 4.309958 3.388057 1.431662
21 8 0 3.583654  -5.485990 1.114234 21 8 0 3.122284 3.099536 1.387918
22 6 0 5.883833 -5.688399 0.369483 22 6 0 4.843713 4.692808 1.974127
23 1 0 3.121437 -3.380477 1.970029 23 1 0 3.985304 1.404333 -0.076707
24 1 0 6.706189 -5.875393 1.066106 24 1 0 5.618314 5.098376 1.318829
25 1 0 6.256266 -5.007580 -0.401907 25 1 0 5.298532 4.513962 2.954162
26 1 0 5.560268 -6.623383 -0.087529 26 1 0 4.024470 5.403154 2.084984
27 6 0 4.049472 -3.652187 3.901432 27 6 0 6.017325 0.915070 -0.575241
28 6 0 2.923750 -3.030260 4.740048 28 6 0 7.427063 0.678852  -0.010288
29 6 0 2.889553 -3.563824 6.180195 29 6 0 8.490197 0.409097  -1.091492
30 6 0 1.762137 -2.953008 7.022343 30 6 0 8.816150 1.613710 -1.986584
31 1 0 1.859743  -1.862960 7.087405 31 1 0 7.953689 1.933568 -2.580610
32 1 0 1.770447 -3.348574 8.043799 32 1 0 9.622123 1.371468 -2.688001
33 1 0 3.855287 -3.362415 6.662531 33 1 0 8.167497 -0.435053 -1.715924
34 1 0 2.780230 -4.656044 6.159344 34 1 0 9.411801 0.081839 -0.593663
35 1 0 0.778805 -3.173019 6.590094 35 1 0 9.143879 2.471878  -1.387517
36 1 0 3.033874  -1.938415 4.762593 36 1 0 7.733483 1.545831 0.588966
37 1 0 1.956841 -3.237328 4_.259069 37 1 0 7.404709  -0.180227 0.671305
38 1 0 3.929059 -4.741198 3.882221 38 1 0 5.672768 0.016298  -1.101489
39 1 0 5.022871 -3.444445 4.363792 39 1 0 6.035254 1.721906 -1.316606
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Structure 3-9 in gas phase Structure 3-10 in gas phase

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 6 0 0.000000 0.000000 0.000000 1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.340127 2 6 0 0.000000 0.000000 1.341873
3 6 0 1.263828 0.000000 -0.778624 3 6 0 1.263217 0.000000 -0.782979
4 8 0 2.418611 -0.283677 -0.102362 4 8 0 2.425731 -0.192494  -0.089820
5 8 0 1.320187 0.282130 -1.959148 5 8 0 1.302918 0.238510 -1.972665
6 6 0 1.306152 -0.079459 2.097446 6 6 0 1.298393 -0.086814 2.107658
7 6 0 2.313584  -0.859600 1.223013 7 6 0 2.354977  -0.792904 1.239673
8 1 0 -0.905441 0.105564  -0.589887 8 1 0 -0.906853 0.099241  -0.589039
9 1 0 -0.921027 0.124620 1.905137 9 1 0 -0.922839 0.117987 1.906144
10 1 0 1.163975 -0.663840 3.020297 10 1 0 1.163674 -0.687413 3.011988
11 8 0 1.675540 1.256890 2.387757 11 8 0 1.695776 1.202868 2.584263
12 1 0 2.498038 1.296853 2.919037 12 1 0 1.729326 1.809552 1.825529
13 1 0 1.901316 -1.871590 1.108227 13 1 0 2.033871 -1.831326 1.111896
14 6 0 3.687642 -0.994561 1.829328 14 6 0 3.744895 -0.714716 1.804644
15 6 0 4.724563 -0.149616 1.763953 15 6 0 4.489700 -1.729122 2.262932
16 1 0 3.828228 -1.910978 2.400541 16 1 0 4.162677 0.289428 1.829722
17 1 0 5.641082 -0.442790 2.274979 17 1 0 5.487654  -1.495019 2.634930
18 6 0 4.806143 1.180553 1.053647 18 6 0 4.123828  -3.188659 2.336676
19 8 0 5.639603 2.091046 1.859201 19 8 0 5.060295 -3.880348 1.446447
20 6 0 5.172518 2.508932 3.049638 20 6 0 4.558521  -4.861721 0.651921
21 8 0 4.105141 2.165251 3.536371 21 8 0 3.393009 -5.211953 0.653318
22 6 0 6.132572 3.470413 3.710164 22 6 0 5.639811 -5.439914 -0.230688
23 1 0 3.817576 1.632090 0.961075 23 1 0 3.119398  -3.381593 1.963703
24 1 0 6.170988 4.399827 3.133200 24 1 0 5.998292 -4.671160 -0.922217
25 1 0 7.142892 3.052913 3.725952 25 1 0 5.237829 -6.281854 -0.794043
26 1 0 5.794347 3.685093 4723650 26 1 0 6.492937 -5.761672 0.373097
27 6 0 5.466748 1.122366 -0.330025 27 6 0 4.292182  -3.782510 3.744214
28 6 0 6.861892 0.483172 -0.376330 28 6 0 3.337141  -3.214169 4.808110
29 6 0 7.484962 0.534163 -1.779627 29 6 0 1.860359 -3.597364 4.619923
30 6 0 8.871377 -0.119062 -1.846374 30 6 0 0.961076  -3.065116 5.743436
31 1 0 8.825733 -1.177529  -1.563855 31 1 0 -0.083892  -3.355882 5.589804
32 1 0 9.576708 0.374567 -1.167181 32 1 0 0.998956  -1.970601 5.800993
33 1 0 7.558404 1.580354  -2.105592 33 1 0 1.490777  -3.225296 3.655416
34 1 0 6.812770 0.039655  -2.493203 34 1 0 1.775388  -4.690577 4.568565
35 1 0 9.289461 -0.063353 -2.857510 35 1 0 1.274285  -3.455496 6.718801
36 1 0 7.526914 0.991974 0.333258 36 1 0 3.668865 -3.581129 5.787979
37 1 0 6.800096 -0.564259  -0.053082 37 1 0 3.432849  -2.121185 4.849186
38 1 0 4.777690 0.577374  -0.982784 38 1 0 4.151248 -4.867314 3.666736
39 1 0 5.516964 2.150808 -0.709253 39 1 0 5.330689 -3.619962 4.058200
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Structure 3-11 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.340913
3 6 0 1.256849 0.000000 -0.780303
4 8 0 2.425612 -0.142492 -0.085133
5 8 0 1.303245 0.183889 -1.980885
6 6 0 1.280430 -0.077874 2.138690
7 6 0 2.406992 -0.673846 1.257801
8 1 0 -0.907045 0.097598  -0.588995
9 1 0 -0.926221 0.116767 1.900015
10 1 0 1.138443 -0.777334 2.970721
11 8 0 1.568717 1.167919 2.750702
12 1 0 1.934506 1.788264 2.086971
13 1 0 2.189467 -1.748806 1.169406
14 6 0 3.758022 -0.524603 1.902502
15 6 0 4.828362 0.208471 1.566322
16 1 0 3.836583 -1.114659 2.815808
17 1 0 5.690886 0.139171 2.231235
18 6 0 5.049978 1.144731 0.403103
19 8 0 5.327292 2.488337 0.957118
20 6 0 4.282970 3.270214 1.280065
21 8 0 3.110334 2.948349 1.147107
22 6 0 4.737676 4.597749 1.839778
23 1 0 4.170658 1.222465 -0.228422
24 1 0 5.578662 4.996122 1.267543
25 1 0 5.076371 4.451442 2.871022
26 1 0 3.903282 5.299236 1.836240
27 6 0 6.306091 0.798323 -0.406374
28 6 0 6.217988 -0.514239 -1.206200
29 6 0 5.238783 -0.519303 -2.396170
30 6 0 5.582991 0.482827 -3.507670
31 1 0 5.506270 1.520967 -3.166204
32 1 0 4.895558 0.372024  -4.352883
33 1 0 4.214969 -0.343180 -2.050724
34 1 0 5.240091 -1.530524  -2.823229
35 1 0 6.602888 0.330121  -3.882590
36 1 0 7.225867 -0.740392  -1.579327
37 1 0 5.957595 -1.333904 -0.524635
38 1 0 6.511154 1.638983 -1.077973
39 1 0 7.155989 0.744722 0.286022

Structure 3-12 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341895
3 6 0 1.264399 0.000000 -0.781903
4 8 0 2.423252  -0.194558 -0.086728
5 8 0 1.305509 0.248433  -1.969965
6 6 0 1.298935 -0.095681 2.107285
7 6 0 2.346313 -0.807939 1.235770
8 1 0 -0.906331 0.103432 -0.589163
9 1 0 -0.922373 0.122503 1.906111
10 1 0 1.160628 -0.695709 3.011465
11 8 0 1.704539 1.191541 2.585671
12 1 0 1.770892 1.789232 1.821960
13 1 0 2.030341  -1.846098 1.096325
14 6 0 3.743910 -0.749291 1.790041
15 6 0 4.359548 -1.687538 2.520347
16 1 0 4.285460 0.163758 1.551508
17 1 0 5.384908 -1.494143 2.837364
18 6 0 3.802667 -3.010788 2.983919
19 8 0 4.491730 -4.084817 2.257588
20 6 0 3.930248 -4.503786 1.095839
21 8 0 2.874004  -4.083745 0.658289
22 6 0 4.791036  -5.544788 0.420336
23 1 0 2.737659  -3.096337 2.763374
24 1 0 4.212338 -6.047984 -0.354369
25 1 0 5.174193 -6.266673 1.145553
26 1 0 5.651525 -5.049254 -0.041534
27 6 0 4.054406  -3.278551 4_.470890
28 6 0 3.281113  -2.323120 5.393192
29 6 0 3.438895 -2.632842 6.892676
30 6 0 4.857886  -2.429226 7.442926
31 1 0 5.578805 -3.118232 6.990335
32 1 0 4.883901 -2.596472 8.525227
33 1 0 3.115368 -3.664395 7.086892
34 1 0 2.747925  -1.988169 7.450002
35 1 0 5.210743  -1.407669 7.257081
36 1 0 3.591203 -1.287867 5.202286
37 1 0 2.213151  -2.373798 5.138826
38 1 0 3.757543  -4.313734 4.680133
39 1 0 5.131910 -3.214539 4.661072
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Structure 3-13 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341815
3 6 0 1.264756 0.000000 -0.781498
4 8 0 2.423691 -0.192368 -0.085834
5 8 0 1.305957 0.246814  -1.969891
6 6 0 1.298272 -0.094577 2.107913
7 6 0 2.348032 -0.804647 1.237831
8 1 0 -0.906181 0.103100 -0.589386
9 1 0 -0.922668 0.121770 1.905746
10 1 0 1.159229 -0.695442 3.011399
11 8 0 1.701905 1.192849 2.588204
12 1 0 1.763239 1.792970 1.825986
13 1 0 2.037363 -1.844214 1.099006
14 6 0 3.744472 -0.735976 1.792661
15 6 0 4.391564  -1.690488 2.473567
16 1 0 4.260285 0.201856 1.596913
17 1 0 5.412859 -1.479688 2.792622
18 6 0 3.884352 -3.055412 2.871828
19 8 0 4.571873 -4.061857 2.052561
20 6 0 3.967721 -4.440983 0.898653
21 8 0 2.877707 -4.037412 0.534338
22 6 0 4.828102 -5.415509 0.129927
23 1 0 2.816044  -3.158134 2.682885
24 1 0 5.258631 -6.166823 0.796400
25 1 0 5.656340 -4.869891 -0.334317
26 1 0 4.232172 -5.889776  -0.649900
27 6 0 4.220037  -3.409099 4.325851
28 6 0 3.504565  -2.543237 5.377747
29 6 0 1.996858 -2.809694 5.512270
30 6 0 1.337328 -1.964851 6.610252
31 1 0 1.449471 -0.893144 6.408963
32 1 0 1.788383 -2.166231 7.588925
33 1 0 1.837759 -3.875452 5.724704
34 1 0 1.489552 -2.615202 4.558110
35 1 0 0.265914  -2.179573 6.688297
36 1 0 3.978395  -2.732955 6.349459
37 1 0 3.672833  -1.479977 5.162942
38 1 0 3.969962 -4.465386 4.482905
39 1 0 5.305980 -3.323177 4.454593

Structure 3-14 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341999
3 6 0 1.263420 0.000000 -0.783008
4 8 0 2.426335 -0.191278 -0.090041
5 8 0 1.302364 0.236274  -1.973125
6 6 0 1.298691 -0.085676 2.107443
7 6 0 2.357428 -0.788750 1.239154
8 1 0 -0.906720 0.099468 -0.589205
9 1 0 -0.922896 0.118158 1.906201
10 1 0 1.165661  -0.687962 3.011124
11 8 0 1.692673 1.203861 2.585978
12 1 0 1.724345 1.812196 1.828511
13 1 0 2.035471  -1.828578 1.115783
14 6 0 3.744285  -0.714562 1.810155
15 6 0 4.435867 -1.719615 2.362324
16 1 0 4.196496 0.273896 1.774945
17 1 0 5.429829 -1.502040 2.749433
18 6 0 3.986137 -3.146976 2.539462
19 8 0 5.161915 -3.966154 2.247441
20 6 0 4.945796  -5.181918 1.680574
21 8 0 3.842218 -5.629666 1.432591
22 6 0 6.254749  -5.879569 1.392274
23 1 0 3.215924  -3.416625 1.814034
24 1 0 6.886690 -5.893426 2.284500
25 1 0 6.796984  -5.332583 0.614502
26 1 0 6.057604  -6.896371 1.053053
27 6 0 3.458417  -3.473875 3.948754
28 6 0 4.432163 -3.199678 5.103758
29 6 0 3.860044  -3.613453 6.467756
30 6 0 4.822727  -3.343454 7.631303
31 1 0 4.386506 -3.650749 8.588060
32 1 0 5.068482 -2.277577 7.705217
33 1 0 3.604981 -4.681425 6.445444
34 1 0 2.916822 -3.078725 6.643856
35 1 0 5.763488 -3.891787 7.503487
36 1 0 5.371457  -3.738227 4.925404
37 1 0 4.686593  -2.132239 5.130913
38 1 0 2.539555  -2.890313 4.095780
39 1 0 3.158095 -4.528266 3.951368
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Structure 3-1 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341328
3 6 0 1.257326 0.000000 -0.774550
4 8 0 2.423720 -0.149828 -0.088039
5 8 0 1.306410 0.193465 -1.979241
6 6 0 1.279694  -0.082219 2.138638
7 6 0 2.405704  -0.680955 1.263601
8 1 0 -0.909056 0.094773  -0.585985
9 1 0 -0.927771 0.110216 1.898397
10 1 0 1.134450 -0.778782 2.970747
11 8 0 1.570431 1.170765 2.748629
12 1 0 1.976064 1.781013 2.098429
13 1 0 2.187421 -1.753141 1.172987
14 6 0 3.759326 -0.528483 1.902865
15 6 0 4.796173 0.260894 1.589997
16 1 0 3.869721 -1.166696 2.778918
17 1 0 5.676979 0.189376 2.229172
18 6 0 4.949129 1.244696 0.456163
19 8 0 5.326185 2.548518 1.036727
20 6 0 4.342327 3.372682 1.433949
21 8 0 3.147718 3.105168 1.361315
22 6 0 4.889286 4.666403 1.984444
23 1 0 4.019516 1.383218 -0.086992
24 1 0 5.387147 4.469800 2.939409
25 1 0 4.074685 5.373056 2.140994
26 1 0 5.633486 5.088645 1.304627
27 6 0 6.078428 0.855640 -0.500906
28 6 0 6.240168 1.809754 -1.692697
29 6 0 7.345632 1.370174  -2.664039
30 6 0 7.509791 2.321627 -3.856409
31 1 0 8.307268 1.983872 -4.527694
32 1 0 7.761603 3.335403 -3.522809
33 1 0 8.298027 1.297759 -2.121623
34 1 0 7.124622 0.359459 -3.032002
35 1 0 6.585523 2.385288 -4.442603
36 1 0 5.286746 1.874503  -2.234443
37 1 0 6.460550 2.819935 -1.326485
38 1 0 7.018993 0.786610 0.060821
39 1 0 5.853940 -0.154094 -0.864779

Structure 3-2 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341430
3 6 0 1.257777 0.000000 -0.774283
4 8 0 2.423169 -0.152898 -0.087087
5 8 0 1.307170 0.195534  -1.978638
6 6 0 1.280440 -0.082198 2.137812
7 6 0 2.402402 -0.686941 1.261764
8 1 0 -0.908955 0.095625 -0.585981
9 1 0 -0.927513 0.111189 1.898693
10 1 0 1.135356 -0.773840 2.973911
11 8 0 1.576209 1.173681 2.739552
12 1 0 1.973440 1.778453 2.078911
13 1 0 2.175653 -1.757694 1.169992
14 6 0 3.755605 -0.549281 1.904409
15 6 0 4.817370 0.204295 1.586298
16 1 0 3.844090 -1.172870 2.793638
17 1 0 5.687930 0.118315 2.238161
18 6 0 5.017791 1.171345 0.445327
19 8 0 5.346457 2.490499 1.027306
20 6 0 4.335907 3.304593 1.372949
21 8 0 3.149193 3.021561 1.248127
22 6 0 4.841539 4.608219 1.939849
23 1 0 4.119112 1.287508 -0.152767
24 1 0 5.631910 5.022567 1.309349
25 1 0 5.269475 4.425951 2.931003
26 1 0 4.016687 5.314785 2.028950
27 6 0 6.219453 0.818081  -0.436795
28 6 0 6.032142  -0.478463  -1.238088
29 6 0 7.233183  -0.790581  -2.142679
30 6 0 7.060600 -2.088918 -2.942212
31 1 0 6.178680 -2.039972 -3.591658
32 1 0 6.934119 -2.950496  -2.275848
33 1 0 8.141786 -0.857818 -1.529265
34 1 0 7.392541 0.046192  -2.835575
35 1 0 7.931953  -2.284008 -3.577338
36 1 0 5.868613 -1.318099 -0.550913
37 1 0 5.124739  -0.401457 -1.850915
38 1 0 6.382879 1.655600 -1.125757
39 1 0 7.115824 0.744849 0.192628
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Structure 3-3 in CHCI; solution Structure 3-4 in CHCIls solution

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 6 0 0.000000 0.000000 0.000000 1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.342215 2 6 0 0.000000 0.000000 1.342217
3 6 0 1.261132 0.000000 -0.777824 3 6 0 1.262504 0.000000 -0.776005
4 8 0 2.423350 -0.190539 -0.095471 4 8 0 2.421484  -0.195753 -0.091993
5 8 0 1.305563 0.230595 -1.975441 5 8 0 1.308910 0.241563 -1.971721
6 6 0 1.294289 -0.082056 2.113496 6 6 0 1.294860 -0.091510 2.112399
7 6 0 2.367910 -0.766738 1.250790 7 6 0 2.358891 -0.785888 1.247475
8 1 0 -0.909245 0.095126  -0.585574 8 1 0 -0.908592 0.099571  -0.585838
9 1 0 -0.924653 0.111009 1.903912 9 1 0 -0.924095 0.116192 1.903902
10 1 0 1.158927 -0.701475 3.004308 10 1 0 1.155399 -0.706860 3.005297
11 8 0 1.667178 1.206795 2.616681 11 8 0 1.680590 1.195285 2.612627
12 1 0 1.677541 1.838289 1.877089 12 1 0 1.726811 1.816152 1.865487
13 1 0 2.071614  -1.813052 1.137282 13 1 0 2.063529 -1.830700 1.119516
14 6 0 3.756938 -0.643985 1.808474 14 6 0 3.753211 -0.687565 1.800871
15 6 0 4.513283 -1.626313 2.315556 15 6 0 4.413170 -1.636944 2.476691
16 1 0 4.160705 0.366102 1.794725 16 1 0 4.246888 0.265907 1.624376
17 1 0 5.502542  -1.361840 2.689517 17 1 0 5.424972  -1.411623 2.814837
18 6 0 4.162712 -3.082627 2.466707 18 6 0 3.921303 -3.011484 2.855435
19 8 0 5.207750 -3.808623 1.733846 19 8 0 4.726517  -4.002000 2.125596
20 6 0 4.859274  -4.963615 1.119266 20 6 0 4.286801 -4.385161 0.903793
21 8 0 3.733052 -5.434431 1.142904 21 8 0 3.244721  -3.993466 0.402098
22 6 0 6.041946 -5.575986 0.408646 22 6 0 5.254022 -5.341674 0.250187
23 1 0 3.206123 -3.328982 2.004910 23 1 0 2.879213 -3.160846 2.570942
24 1 0 6.837042 -5.793023 1.128035 24 1 0 5.602272 -6.092138 0.963721
25 1 0 6.444452 -4.870260 -0.323578 25 1 0 6.128676 -4.781681 -0.096954
26 1 0 5.735185 -6.494600 -0.090973 26 1 0 4.775922  -5.820952 -0.604068
27 6 0 4.171160 -3.558720 3.927455 27 6 0 4.108289 -3.329684 4.342094
28 6 0 3.046608  -2.954840 4.780766 28 6 0 3.222600 -2.476580 5.261728
29 6 0 3.054126 -3.476300 6.225651 29 6 0 3.392496  -2.830128 6.746700
30 6 0 1.931890 -2.880517 7.085428 30 6 0 2.502596  -1.987672 7.669694
31 1 0 2.010225 -1.788212 7.138924 31 1 0 2.648476  -2.262271 8.720239
32 1 0 1.969266 -3.267483 8.109714 32 1 0 1.441053 -2.127807 7.433392
33 1 0 4.025164  -3.250262 6.685812 33 1 0 4.444367  -2.696640 7.031968
34 1 0 2.966054 -4.570622 6.216388 34 1 0 3.167440 -3.894728 6.894156
35 1 0 0.944941  -3.123370 6.674095 35 1 0 2.726471  -0.919081 7.570115
36 1 0 3.133105 -1.860965 4.792413 36 1 0 3.448407 -1.412848 5.115010
37 1 0 2.075733 -3.186486 4.320621 37 1 0 2.168740 -2.610398 4.979163
38 1 0 4.077364  -4.650611 3.922289 38 1 0 3.876450 -4.391496 4.487569
39 1 0 5.147249  -3.322021 4.369063 39 1 0 5.164677 -3.195695 4.606823
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Coordinates for all computes conformers of epimers 3 and 5

Structure 3-5 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y z

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341314
3 6 0 1.257141 0.000000 -0.774800
4 8 0 2.423552  -0.149565 -0.087847
5 8 0 1.305941 0.194754  -1.979229
6 6 0 1.278647 -0.089363 2.139263
7 6 0 2.404526  -0.685733 1.261948
8 1 0 -0.908933 0.097169  -0.585777
9 1 0 -0.927473 0.112821 1.898325
10 1 0 1.130610 -0.791938 2.965795
11 8 0 1.570686 1.157673 2.760705
12 1 0 1.984945 1.772950 2.120960
13 1 0 2.185191 -1.757371 1.167172
14 6 0 3.756899 -0.535473 1.903972
15 6 0 4.793261 0.258014 1.599589
16 1 0 3.864408 -1.176021 2.778763
17 1 0 5.664014 0.190580 2.250290
18 6 0 4.937445 1.253638 0.473828
19 8 0 5.348634 2.544240 1.062312
20 6 0 4.382836 3.369758 1.499440
21 8 0 3.184076 3.116818 1.447043
22 6 0 4.953284 4.642143 2.075108
23 1 0 3.991842 1.415803 -0.032727
24 1 0 4.165854 5.390582 2.162856
25 1 0 5.772486 5.017719 1.458087
26 1 0 5.355585 4.430624 3.071525
27 6 0 6.006502 0.887115 -0.562933
28 6 0 7.422544 0.629911 -0.026735
29 6 0 8.435664 0.372252 -1.152308
30 6 0 9.853954 0.099103 -0.635014
31 1 0 10.551550 -0.076990 -1.461441
32 1 0 9.876517 -0.784707 0.013654
33 1 0 8.454083 1.238010 -1.827635
34 1 0 8.097104 -0.479764  -1.756957
35 1 0 10.234046 0.947313  -0.053249
36 1 0 7.754126 1.490239 0.568113
37 1 0 7.416143 -0.234546 0.649266
38 1 0 5.641043 -0.001706  -1.091445
39 1 0 6.033932 1.698374  -1.301357

Structure 3-6 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.342201
3 6 0 1.261484 0.000000 -0.777408
4 8 0 2.423627 -0.191783  -0.095398
5 8 0 1.306027 0.231609 -1.974842
6 6 0 1.294234  -0.081830 2.113416
7 6 0 2.368956 -0.766300 1.251038
8 1 0 -0.909090 0.095156  -0.585755
9 1 0 -0.924597 0.111237 1.903921
10 1 0 1.158252  -0.701830 3.003593
11 8 0 1.666149 1.205933 2.619184
12 1 0 1.672795 1.840300 1.882218
13 1 0 2.071506  -1.813317 1.139495
14 6 0 3.756470 -0.646779 1.812543
15 6 0 4.483036  -1.624071 2.370897
16 1 0 4.180616 0.353766 1.765593
17 1 0 5.471262 -1.367401 2.748579
18 6 0 4.081260 -3.062651 2.569892
19 8 0 5.267405  -3.848358 2.214827
20 6 0 5.073728 -5.058998 1.640299
21 8 0 3.973564  -5.536777 1.413734
22 6 0 6.391582  -5.719953 1.315504
23 1 0 3.283023  -3.353342 1.885286
24 1 0 7.006323 -5.798116 2.216594
25 1 0 6.942573  -5.110218 0.593230
26 1 0 6.212946  -6.711178 0.899459
27 6 0 3.642501  -3.405279 4.004952
28 6 0 4.663528  -3.094437 5.109112
29 6 0 4.175185  -3.532046 6.497837
30 6 0 5.180636  -3.221785 7.614445
31 1 0 4.802967 -3.546169 8.590477
32 1 0 5.384937 -2.146356 7.677056
33 1 0 3.965093 -4.609884 6.485330
34 1 0 3.220266  -3.036640 6.719142
35 1 0 6.135834  -3.731368 7.440756
36 1 0 5.613037 -3.596261 4.883991
37 1 0 4.876591  -2.017969 5.127819
38 1 0 2.711318 -2.857421 4.198737
39 1 0 3.383921  -4.470648 4.024429
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Structure 3-7 in CHCI; solution Structure 3-8 in CHCIls solution

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 6 0 0.000000 0.000000 0.000000 1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.342163 2 6 0 0.000000 0.000000 1.341344
3 6 0 1.262768 0.000000 -0.775975 3 6 0 1.258370 0.000000 -0.773450
4 8 0 2.421374  -0.198932 -0.092754 4 8 0 2.423369 -0.157582 -0.086121
5 8 0 1.309113 0.243957 -1.971215 5 8 0 1.308011 0.198590 -1.977194
6 6 0 1.294799 -0.091199 2.112464 6 6 0 1.281484  -0.084780 2.135832
7 6 0 2.358269 -0.787504 1.248132 7 6 0 2.397896  -0.698040 1.259410
8 1 0 -0.908484 0.099997  -0.585949 8 1 0 -0.908395 0.096806 -0.586623
9 1 0 -0.924205 0.115298 1.903848 9 1 0 -0.927144 0.112455 1.898916
10 1 0 1.153540 -0.706326 3.005230 10 1 0 1.134659 -0.771390 2.975783
11 8 0 1.681115 1.194790 2.614439 11 8 0 1.586481 1.173125 2.728303
12 1 0 1.712239 1.821464 1.871482 12 1 0 1.986477 1.767880 2.060215
13 1 0 2.062847 -1.831883 1.120778 13 1 0 2.160764 -1.766178 1.163114
14 6 0 3.753189 -0.688813 1.798566 14 6 0 3.750389 -0.576458 1.906119
15 6 0 4.444238 -1.655787 2.416835 15 6 0 4.829574 0.153191 1.589827
16 1 0 4.225895 0.282175 1.664632 16 1 0 3.820900 -1.191363 2.803104
17 1 0 5.454921 -1.419600 2.750773 17 1 0 5.689954 0.056189 2.253595
18 6 0 4.000364 -3.064361 2.728544 18 6 0 5.066200 1.107541 0.445048
19 8 0 4.776984  -3.984363 1.883068 19 8 0 5.373852 2.434579 1.023577
20 6 0 4.254060 -4.325136 0.681904 20 6 0 4.353378 3.248951 1.336560
21 8 0 3.162766  -3.949553 0.282626 21 8 0 3.170801 2.962718 1.182877
22 6 0 5.197417 -5.213003 -0.092362 22 6 0 4.840460 4.557016 1.909660
23 1 0 2.948059 -3.219503 2.494597 23 1 0 4.187535 1.217961  -0.182309
24 1 0 5.627559 -5.982073 0.553443 24 1 0 5.682858 4.945037 1.332544
25 1 0 6.021383 -4.604685 -0.479629 25 1 0 5.188033 4.389029 2.934416
26 1 0 4.668447 -5.669767 -0.928782 26 1 0 4.023413 5.278157 1.924323
27 6 0 4.307817 -3.477031 4.173109 27 6 0 6.312415 0.748222  -0.375011
28 6 0 3.519195 -2.704021 5.244639 28 6 0 6.182345 -0.531793 -1.218861
29 6 0 2.019244  -3.033605 5.306815 29 6 0 5.261359 -0.401628 -2.442350
30 6 0 1.295502 -2.290566 6.437614 30 6 0 5.210508 -1.684182  -3.283262
31 1 0 1.371611  -1.204156 6.311011 31 1 0 4.554293 -1.562386 -4.152069
32 1 0 1.726882 -2.541189 7.413931 32 1 0 4.829250 -2.528200 -2.695871
33 1 0 1.895113 -4.116287 5.442203 33 1 0 5.615568 0.429046  -3.068059
34 1 0 1.534905 -2.790658 4.352192 34 1 0 4.245842  -0.140948 -2.125921
35 1 0 0.231446 -2.549851 6.466969 35 1 0 6.206263 -1.959665 -3.651819
36 1 0 3.965773 -2.936377 6.219659 36 1 0 7.187533 -0.808138 -1.562669
37 1 0 3.653622 -1.624026 5.101228 37 1 0 5.840880 -1.361739 -0.586319
38 1 0 4.103393 -4.550361 4.267044 38 1 0 6.536823 1.598209 -1.030936
39 1 0 5.383135  -3.344975 4.343932 39 1 0 7.159988 0.651206 0.314851
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Structure 3-9 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.342208
3 6 0 1.262467 0.000000 -0.776130
4 8 0 2.421457 -0.196347 -0.093070
5 8 0 1.308253 0.241688 -1.971921
6 6 0 1.295333 -0.088457 2.111869
7 6 0 2.359802 -0.783616 1.248185
8 1 0 -0.908603 0.098877 -0.585924
9 1 0 -0.924071 0.115282 1.904145
10 1 0 1.157143 -0.702041 3.006201
11 8 0 1.679069 1.200217 2.609045
12 1 0 1.724445 1.819377 1.860414
13 1 0 2.064691 -1.828435 1.121859
14 6 0 3.754211 -0.680299 1.799649
15 6 0 4.433313 -1.633835 2.450422
16 1 0 4.234022 0.283426 1.641225
17 1 0 5.443797 -1.398337 2.785644
18 6 0 3.969801 -3.025173 2.803482
19 8 0 4.770982 -3.984178 2.028122
20 6 0 4.301804  -4.350947 0.812271
21 8 0 3.237160 -3.971001 0.350517
22 6 0 5.267781 -5.273131 0.109280
23 1 0 2.923576 -3.182777 2.541070
24 1 0 4.774863 -5.740465  -0.743177
25 1 0 5.648928 -6.033936 0.794488
26 1 0 6.122292 -4.688660 -0.247472
27 6 0 4.198855  -3.379313 4_275758
28 6 0 3.335642 -2.544280 5.234664
29 6 0 3.444802 -2.974476 6.708253
30 6 0 4.828565 -2.757171 7.337911
31 1 0 5.600137 -3.368427 6.857742
32 1 0 4.818024  -3.020976 8.401262
33 1 0 3.163552 -4.032276 6.798909
34 1 0 2.701190 -2.410912 7.285386
35 1 0 5.137265 -1.707740 7.259029
36 1 0 3.602215  -1.483277 5.147204
37 1 0 2.284539 -2.623179 4.925000
38 1 0 3.964735  -4.443398 4.402866
39 1 0 5.263224  -3.256944 4.505868

Structure 3-10 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.342136
3 6 0 1.262834 0.000000 -0.775830
4 8 0 2.421514  -0.197474  -0.092327
5 8 0 1.308908 0.242683  -1.971360
6 6 0 1.295082 -0.089016 2.112254
7 6 0 2.359833 -0.785369 1.250063
8 1 0 -0.908432 0.099142  -0.586198
9 1 0 -0.924134 0.114925 1.903989
10 1 0 1.154153 -0.701396 3.006875
11 8 0 1.680364 1.199402 2.609386
12 1 0 1.718552 1.820171 1.861739
13 1 0 2.067200 -1.830345 1.123045
14 6 0 3.753856 -0.676145 1.800259
15 6 0 4.479248  -1.652228 2.362483
16 1 0 4.197086 0.314102 1.715519
17 1 0 5.485027 -1.401443 2.700904
18 6 0 4.085963  -3.090853 2.596269
19 8 0 4.854908  -3.929532 1.663011
20 6 0 4.294539  -4.213093 0.463898
21 8 0 3.174695  -3.855435 0.133183
22 6 0 5.235972 -5.013697 -0.402343
23 1 0 3.029980 -3.260899 2.391392
24 1 0 5.709956 -5.812615 0.172795
25 1 0 6.028586  -4.354330 -0.770999
26 1 0 4.691947 -5.426882 -1.251616
27 6 0 4.460391  -3.590021 3.996644
28 6 0 3.706121  -2.900147 5.147948
29 6 0 2.191734  -3.170986 5.228257
30 6 0 1.816538 -4.641782 5.460839
31 1 0 2.113592 -5.281078 4.622504
32 1 0 0.733968 -4.752370 5.587415
33 1 0 1.690820 -2.808601 4.321198
34 1 0 1.786775 -2.567641 6.050145
35 1 0 2.299152  -5.032985 6.364596
36 1 0 4.167245  -3.227747 6.088503
37 1 0 3.871785 -1.817105 5.092075
38 1 0 4.291675 -4.671815 4.024232
39 1 0 5.538094  -3.440805 4.135101
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Structure 3-11 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.340722
3 6 0 1.264983 0.000000 -0.771629
4 8 0 2.415632 -0.287873  -0.103791
5 8 0 1.325155 0.287130 -1.957059
6 6 0 1.306805 -0.076690 2.096606
7 6 0 2.312485 -0.861846 1.229627
8 1 0 -0.907239 0.098274  -0.588037
9 1 0 -0.923052 0.112645 1.904213
10 1 0 1.166012 -0.649715 3.024322
11 8 0 1.683036 1.265778 2.375680
12 1 0 2.528473 1.303229 2.871165
13 1 0 1.898107 -1.871154 1.114284
14 6 0 3.684149 -1.000650 1.839409
15 6 0 4.736207 -0.174184 1.769631
16 1 0 3.805072  -1.909222 2.426634
17 1 0 5.641865 -0.477962 2.293196
18 6 0 4.851614 1.142500 1.039652
19 8 0 5.683169 2.054314 1.845029
20 6 0 5.200631 2.513403 3.012046
21 8 0 4.108806 2.206639 3.476395
22 6 0 6.165894 3.464738 3.674894
23 1 0 3.873552 1.609440 0.917410
24 1 0 6.240570 4.379397 3.078458
25 1 0 7.164086 3.022277 3.725372
26 1 0 5.810879 3.711637 4.675057
27 6 0 5.540582 1.050920 -0.328607
28 6 0 6.930355 0.398012 -0.335580
29 6 0 7.579146 0.416187 -1.727867
30 6 0 8.961229  -0.249219 -1.755166
31 1 0 8.900847 -1.301042  -1.451251
32 1 0 9.657239 0.253748 -1.073164
33 1 0 7.667298 1.455057 -2.072792
34 1 0 6.916420 -0.088446  -2.443410
35 1 0 9.397922 -0.217589  -2.759578
36 1 0 7.586878 0.915380 0.375380
37 1 0 6.853559 -0.641754 0.007755
38 1 0 4.861517 0.496933 -0.984679
39 1 0 5.606779 2.070385 -0.728676

Structure 3-12 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.342149
3 6 0 1.262498 0.000000 -0.776081
4 8 0 2.421322  -0.200796  -0.093985
5 8 0 1.308769 0.244631  -1.971242
6 6 0 1.295437 -0.088319 2.111675
7 6 0 2.360308 -0.784018 1.248453
8 1 0 -0.908479 0.099075 -0.586086
9 1 0 -0.924091 0.115108 1.903995
10 1 0 1.155998 -0.702045 3.006168
11 8 0 1.680234 1.199456 2.609985
12 1 0 1.720631 1.821485 1.863456
13 1 0 2.065815 -1.829728 1.125404
14 6 0 3.755955  -0.680087 1.797995
15 6 0 4.419865 -1.621086 2.481700
16 1 0 4.249676 0.270508 1.606631
17 1 0 5.434207 -1.392280 2.809113
18 6 0 3.921656  -2.983506 2.893047
19 8 0 4.723113  -4.000343 2.198628
20 6 0 4.291860 -4.414663 0.984199
21 8 0 3.259836  -4.025788 0.460083
22 6 0 5.253731  -5.402849 0.371120
23 1 0 2.882134  -3.131125 2.602541
24 1 0 5.557384  -6.154228 1.104098
25 1 0 6.154948  -4.871873 0.047579
26 1 0 4.789945 -5.879895 -0.492176
27 6 0 4.107745 -3.227177 4.394603
28 6 0 3.633754  -4.602293 4.898122
29 6 0 2.129991  -4.899936 4.752184
30 6 0 1.211897  -3.960640 5.547784
31 1 0 1.475257  -3.959719 6.612407
32 1 0 0.165482  -4.274363 5.464437
33 1 0 1.958225  -5.929928 5.088803
34 1 0 1.841587 -4.884332 3.693411
35 1 0 1.270701  -2.925421 5.192892
36 1 0 4.203653  -5.383009 4.381367
37 1 0 3.904947  -4.678635 5.959295
38 1 0 5.171359  -3.105996 4.633766
39 1 0 3.582635 -2.423039 4.922660
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Structure 3-13 in CHCI; solution Structure 3-14 in CHCl;3 solution

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 6 0 0.000000 0.000000 0.000000 1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341412 2 6 0 0.000000 0.000000 1.342119
3 6 0 1.257173 0.000000 -0.774870 3 6 0 1.261315 0.000000 -0.777261
4 8 0 2.423638 -0.148762 -0.087724 4 8 0 2.423360 -0.193054 -0.095217
5 8 0 1.306072 0.193247 -1.979559 5 8 0 1.306378 0.232874  -1.974414
6 6 0 1.278939 -0.087867 2.139535 6 6 0 1.295102 -0.078991 2.112189
7 6 0 2.404440 -0.684190 1.262089 7 6 0 2.366162 -0.770543 1.251575
8 1 0 -0.908962 0.096388 -0.585831 8 1 0 -0.909139 0.094794  -0.585733
9 1 0 -0.927724 0.111668 1.898237 9 1 0 -0.924529 0.110802 1.903992
10 1 0 1.131311 -0.789567 2.966957 10 1 0 1.159676 -0.690569 3.008266
11 8 0 1.570222 1.160124 2.759309 11 8 0 1.670991 1.213293 2.604175
12 1 0 1.988537 1.772948 2.119677 12 1 0 1.680498 1.838102 1.858907
13 1 0 2.185254  -1.755879 1.167924 13 1 0 2.065118 -1.815097 1.136108
14 6 0 3.756317 -0.533736 1.905322 14 6 0 3.755500 -0.652186 1.809142
15 6 0 4.792996 0.260393 1.603488 15 6 0 4.543575  -1.646474 2.239443
16 1 0 3.862558 -1.174820 2.779820 16 1 0 4.135484 0.366100 1.858056
17 1 0 5.662034 0.192679 2.256424 17 1 0 5.531252  -1.378376 2.615339
18 6 0 4.937798 1.256239 0.478160 18 6 0 4.242675  -3.122007 2.286059
19 8 0 5.337475 2.550691 1.066651 19 8 0 5.232221  -3.745459 1.396737
20 6 0 4.365113 3.377502 1.486328 20 6 0 4.841325  -4.822118 0.674646
21 8 0 3.167631 3.118456 1.430517 21 8 0 3.723323  -5.309581 0.728829
22 6 0 4.927121 4.661716 2.043791 22 6 0 5.964228 -5.322202 -0.201669
23 1 0 3.993822 1.411863 -0.033597 23 1 0 3.255864  -3.356447 1.890389
24 1 0 5.717667 5.051748 1.398612 24 1 0 6.253496  -4.542598 -0.912613
25 1 0 5.367768 4.461317 3.025995 25 1 0 5.639958 -6.211297 -0.742028
26 1 0 4.128235 5.394749 2.154193 26 1 0 6.842471  -5.554796 0.407117
27 6 0 6.014720 0.899044  -0.554407 27 6 0 4.416310 -3.724033 3.689869
28 6 0 7.424632 0.632071  -0.003372 28 6 0 3.372937 -3.263486 4.723021
29 6 0 8.474122 0.361195 -1.097443 29 6 0 1.964160 -3.842833 4.515757
30 6 0 8.812616 1.574028 -1.976832 30 6 0 0.975735  -3.397200 5.601582
31 1 0 7.950254 1.917091 -2.558128 31 1 0 -0.019089 -3.824391 5.433932
32 1 0 9.608799 1.328590 -2.688461 32 1 0 0.872261  -2.305620 5.621537
33 1 0 8.131784 -0.467794  -1.731581 33 1 0 1.572753  -3.553924 3.532003
34 1 0 9.393877 0.011909 -0.611563 34 1 0 2.025843  -4.938792 4.504612
35 1 0 9.159562 2.416846 -1.366785 35 1 0 1.311717  -3.714658 6.595807
36 1 0 7.750872 1.485000 0.605426 36 1 0 3.729249  -3.563987 5.716454
37 1 0 7.393678 -0.235929 0.666077 37 1 0 3.323504 -2.166767 4.740341
38 1 0 5.655539 0.013237 -1.092768 38 1 0 4.377362  -4.815380 3.594484
39 1 0 6.038593 1.717482 -1.282652 39 1 0 5.423097 -3.471160 4.043677
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Structure 3-15 in CHCI; solution Structure 3-16 in CHCls solution

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 6 0 0.000000 0.000000 0.000000 1 6 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.341423 2 6 0 0.000000 0.000000 1.342380
3 6 0 1.257517 0.000000 -0.774685 3 6 0 1.261079 0.000000 -0.777937
4 8 0 2.424007 -0.148296 -0.087052 4 8 0 2.422923 -0.183008 -0.095710
5 8 0 1.305499 0.192669  -1.979365 5 8 0 1.303148 0.225272  -1.977393
6 6 0 1.279692 -0.087446 2.138197 6 6 0 1.294001 -0.081806 2.114064
7 6 0 2.401782 -0.689334 1.259954 7 6 0 2.368880 -0.762805 1.251930
8 1 0 -0.908815 0.096122 -0.586103 8 1 0 -0.909145 0.095745 -0.585729
9 1 0 -0.927417 0.112379 1.898677 9 1 0 -0.925257 0.112193 1.903057
10 1 0 1.132575 -0.784726 2.969423 10 1 0 1.164171  -0.704900 3.002171
11 8 0 1.576589 1.163048 2.749830 11 8 0 1.661393 1.207933 2.620468
12 1 0 1.978771 1.773804 2.097854 12 1 0 1.690886 1.835812 1.878496
13 1 0 2.173906 -1.758960 1.161755 13 1 0 2.082622 -1.809716 1.141806
14 6 0 3.755779 -0.555785 1.901960 14 6 0 3.758699 -0.629525 1.807939
15 6 0 4.804544 0.222499 1.600829 15 6 0 4.510110 -1.585456 2.370593
16 1 0 3.856615 -1.202491 2.773058 16 1 0 4.173739 0.374088 1.742585
17 1 0 5.679497 0.133163 2.245913 17 1 0 5.500463 -1.291127 2.713544
18 6 0 4.981560 1.218687 0.480965 18 6 0 4.204789  -3.049921 2.586910
19 8 0 5.338664 2.517041 1.087384 19 8 0 2.785228  -3.204316 2.917607
20 6 0 4.344021 3.337035 1.464413 20 6 0 2.446898  -4.199931 3.775209
21 8 0 3.151740 3.076535 1.340986 21 8 0 3.252591  -4.959939 4.285344
22 6 0 4.870965 4.612964 2.072735 22 6 0 0.955754  -4.231024 4.009271
23 1 0 4.063544 1.358351 -0.079650 23 1 0 4.775567  -3.402719 3.449087
24 1 0 5.178717 4.410477 3.104186 24 1 0 0.429988 -4.368016 3.059923
25 1 0 4.084157 5.367321 2.081677 25 1 0 0.624161  -3.280704 4_.437868
26 1 0 5.745254 4.976103 1.528448 26 1 0 0.708737  -5.046297 4.688872
27 6 0 6.148112 0.841486 -0.437668 27 6 0 4.535932  -3.934694 1.371881
28 6 0 6.426907 1.834943 -1.581037 28 6 0 6.022356  -3.917200 0.984035
29 6 0 5.308115 1.995397 -2.626847 29 6 0 6.338579 -4.872161 -0.176507
30 6 0 5.007719 0.726829 -3.437872 30 6 0 7.817900 -4.854320 -0.583208
31 1 0 5.913399 0.351344  -3.930139 31 1 0 8.127499  -3.854252 -0.908755
32 1 0 4.263257 0.928781 -4.215392 32 1 0 8.010536 -5.547633 -1.409411
33 1 0 5.606133 2.795311 -3.316601 33 1 0 5.718440 -4.605459 -1.042391
34 1 0 4.386798 2.346024  -2.145496 34 1 0 6.049156  -5.892825 0.106507
35 1 0 4.608073 -0.076524  -2.810775 35 1 0 8.463225 -5.146105 0.253820
36 1 0 6.657061 2.815302 -1.147730 36 1 0 6.321283  -2.899383 0.703903
37 1 0 7.341222 1.505637 -2.092350 37 1 0 6.631936 -4.193644 1.855396
38 1 0 7.052860 0.734847 0.173960 38 1 0 4.235998  -4.960223 1.615965
39 1 0 5.929586 -0.153972  -0.839563 39 1 0 3.925313 -3.607412 0.521820
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Structure 5-1 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.468694
3 6 0 1.429273 0.000000 2.033767
4 6 0 2.242166 1.068692 1.346596
5 6 0 1.920617 1.488428 0.112597
6 6 0 0.811399 0.874551 -0.653712
7 8 0 0.640046 1.066731 -1.847668
8 8 0 2.100874  -1.265712 1.962374
9 6 0 -0.802712  -1.195344 1.893061
10 6 0 -1.926522  -1.189083 2.622566
11 6 0 -2.685365 0.003486 3.147943
12 8 0 -2.617878  -0.009843 4.617264
13 6 0 -4.169533 -0.054438 2.778934
14 6 0 -4.971689 1.175489 3.226148
15 6 0 -6.453961 1.096681 2.830644
16 6 0 -7.259711 2.323171 3.278102
17 6 0 -1.541661 0.560678 5.202963
18 8 0 -0.642460 1.111389 4.585378
19 6 0 -1.597049 0.418349 6.704551
20 1 0 -0.466867 0.932302 1.790904
21 1 0 1.341559 0.219482 3.100230
22 1 0 3.123756 1.449809 1.856874
23 1 0 2.506073 2.227563 -0.425625
24 1 0 2.315065 -1.449632 1.031774
25 1 0 -0.393280 -2.153614 1.580186
26 1 0 -2.372553 -2.151368 2.875421
27 1 0 -2.250088 0.943570 2.808368
28 1 0 -4.228803 -0.159091 1.688628
29 1 0 -4.605423  -0.966413 3.206050
30 1 0 -4.892328 1.287959 4.314220
31 1 0 -4.527263 2.078709 2.785593
32 1 0 -6.534125 0.984487 1.741233
33 1 0 -6.896354 0.190656 3.265668
34 1 0 -8.311328 2.237207 2.982914
35 1 0 -7.227628 2.442347 4.367578
36 1 0 -6.862599 3.242629 2.831961
37 1 0 -2.579256 0.712269 7.083185
38 1 0 -1.439319 -0.630876 6.974334
39 1 0 -0.817994 1.029078 7.160500

Structure 5-2 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.465237
3 6 0 1.417457 0.000000 2.044044
4 6 0 2.244122 1.057860 1.351115
5 6 0 1.947947 1.451899 0.104014
6 6 0 0.846898 0.827731  -0.664211
7 8 0 0.701040 0.986736  -1.867079
8 8 0 2.009752  -1.299403 1.874521
9 6 0 -0.807086  -1.197430 1.881356
10 6 0 -1.894490 -1.201668 2.663602
11 6 0 -2.596959 -0.021304 3.285361
12 8 0 -2.508625 -0.145702 4.748842
13 6 0 -4.087893 0.008569 2.940423
14 6 0 -4.831952 1.229477 3.499076
15 6 0 -6.319988 1.247829 3.118414
16 6 0 -7.067278 2.463883 3.681051
17 6 0 -1.404820 0.339183 5.358341
18 8 0 -0.492871 0.901801 4._.770598
19 6 0 -1.446555 0.085918 6.845902
20 1 0 -0.469694 0.932255 1.784457
21 1 0 1.314674 0.236760 3.108534
22 1 0 3.111200 1.461519 1.870541
23 1 0 2.541948 2.181293  -0.438125
24 1 0 2.813009  -1.340692 2.418911
25 1 0 -0.433252  -2.145132 1.501330
26 1 0 -2.353351 -2.164792 2.888804
27 1 0 -2.127882 0.923384 3.009176
28 1 0 -4.167480 -0.005854 1.846558
29 1 0 -4.554505 -0.916724 3.301421
30 1 0 -4.736901 1.246852 4.591549
31 1 0 -4.352947 2.146856 3.129555
32 1 0 -6.415813 1.234023 2.024598
33 1 0 -6.797142 0.327089 3.479585
34 1 0 -7.019972 2.485928 4.776254
35 1 0 -6.634409 3.400964 3.311313
36 1 0 -8.124323 2.449016 3.393214
37 1 0 -1.321628 -0.985378 7.033927
38 1 0 -0.641666 0.634320 7.335126
39 1 0 -2.413394 0.382634 7.260155
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Structure 5-3 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.468522
3 6 0 1.428624 0.000000 2.034409
4 6 0 2.243776 1.065874 1.345541
5 6 0 1.921591 1.487242 0.112212
6 6 0 0.810524 0.875533 -0.653273
7 8 0 0.638025 1.069602 -1.846730
8 8 0 2.099117 -1.266794 1.968386
9 6 0 -0.801895 -1.196302 1.892048
10 6 0 -1.911240 -1.194349 2.643388
11 6 0 -2.647796  -0.007995 3.213834
12 8 0 -2.507505 -0.034540 4_.679503
13 6 0 -4.154081  -0.053547 2.944281
14 6 0 -4.510837 0.086099 1.456975
15 6 0 -6.026552 0.077524 1.209223
16 6 0 -6.392537 0.216078  -0.274237
17 6 0 -1.409700 0.540139 5.218372
18 8 0 -0.547077 1.107467 4.564461
19 6 0 -1.386137 0.376744 6.718699
20 1 0 -0.468588 0.931009 1.792047
21 1 0 3.126869 1.444569 1.855043
22 1 0 2.508024 2.225166 -0.426587
23 1 0 2.309663 -1.457900 1.038380
24 1 0 -0.403535 -2.152370 1.558599
25 1 0 -2.357566  -2.158353 2.890142
26 1 0 -2.232237 0.936146 2.860748
27 1 0 -4.559779  -0.992485 3.341790
28 1 0 -4.619665 0.759632 3.513919
29 1 0 -4.085865 1.020360 1.064890
30 1 0 -4.046062 -0.725830 0.883839
31 1 0 -6.452438  -0.854093 1.605050
32 1 0 -6.491900 0.893239 1.778335
33 1 0 -7.478686 0.206116  -0.417932
34 1 0 -6.009391 1.154959 -0.691089
35 1 0 -5.969983 -0.605044 -0.865085
36 1 0 -0.641164 1.045853 7.149378
37 1 0 -2.370929 0.575806 7.147681
38 1 0 -1.121239 -0.657754 6.960908
39 1 0 1.338888 0.222870 3.099731

Structure 5-4 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.467936
3 6 0 1.428099 0.000000 2.036843
4 6 0 2.246467 1.061110 1.344855
5 6 0 1.926438 1.480870 0.110406
6 6 0 0.814230 0.871319 -0.654764
7 8 0 0.642791 1.063331  -1.848681
8 8 0 2.095826  -1.268553 1.981014
9 6 0 -0.803261 -1.196568 1.889369
10 6 0 -1.890701 -1.202184 2.671898
11 6 0 -2.601828 -0.020996 3.282852
12 8 0 -2.465683 -0.101638 4_.745521
13 6 0 -4.104059  -0.044805 2.984910
14 6 0 -4.905388 1.132281 3.566581
15 6 0 -4.573185 2.506077 2.962700
16 6 0 -5.457604 3.627244 3.524587
17 6 0 -1.357216 0.431330 5.305584
18 8 0 -0.485499 1.009695 4.673666
19 6 0 -1.333414 0.205017 6.797572
20 1 0 -0.467857 0.932651 1.788925
21 1 0 1.335085 0.228657 3.100766
22 1 0 3.130395 1.438671 1.853780
23 1 0 2.515442 2.216230 -0.429088
24 1 0 2.313901 -1.465378 1.054035
25 1 0 -0.423800 -2.148651 1.524083
26 1 0 -2.337636 -2.167646 2.910630
27 1 0 -2.158709 0.921100 2.964563
28 1 0 -4.216859 -0.067475 1.893832
29 1 0 -4.515411  -0.989331 3.361586
30 1 0 -5.970409 0.924784 3.400612
31 1 0 -4.767645 1.165105 4.654341
32 1 0 -3.520952 2.756654 3.147444
33 1 0 -4.691450 2.459866 1.871812
34 1 0 -5.337702 3.719170 4.610641
35 1 0 -5.204896 4.595259 3.078140
36 1 0 -6.517909 3.433261 3.323521
37 1 0 -2.313965 0.400830 7.237667
38 1 0 -1.083896 -0.842693 6.995318
39 1 0 -0.577059 0.843668 7.253817
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Structure 5-5 in gas phase Structure 5-6 in gas phase

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 8 0 0.000000 0.000000 0.000000 1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.468500 2 6 0 0.000000 0.000000 1.468508
3 6 0 1.428972 0.000000 2.034286 3 6 0 1.428259 0.000000 2.035390
4 6 0 2.242619 1.067996 1.346686 4 6 0 2.245170 1.064016 1.345376
5 6 0 1.921045 1.488418 0.112817 5 6 0 1.925808 1.482088 0.110203
6 6 0 0.811325 0.874957 -0.653501 6 6 0 0.814360 0.870587 -0.655018
7 8 0 0.639551 1.067693 -1.847250 7 8 0 0.643299 1.061431  -1.849239
8 8 0 2.100169 -1.265982 1.964732 8 8 0 2.098091 -1.267324 1.971804
9 6 0 -0.802197  -1.195402 1.894222 9 6 0 -0.802521 -1.197128 1.889485
10 6 0 -1.915333  -1.193905 2.640604 10 6 0 -1.915611 -1.198786 2.635091
11 6 0 -2.652198 0.001606 3.191622 11 6 0 -2.661473 -0.013193 3.193803
12 8 0 -2.597957  -0.050192 4.661273 12 8 0 -2.575370 -0.058573 4.661823
13 6 0 -4.136349 0.059940 2.807452 13 6 0 -4.150571  -0.055071 2.843347
14 6 0 -5.004751  -1.134760 3.229885 14 6 0 -4.931054 1.181051 3.316127
15 6 0 -6.487001  -0.928240 2.883118 15 6 0 -6.444429 1.106077 3.047978
16 6 0 -7.371140 -2.113033 3.293369 16 6 0 -6.832940 1.094342 1.562188
17 6 0 -1.500901 0.459710 5.264484 17 6 0 -1.479709 0.475796 5.244951
18 8 0 -0.577692 0.988581 4.663706 18 8 0 -0.580340 1.026575 4.627693
19 6 0 -1.566182 0.280118 6.761651 19 6 0 -1.510508 0.290529 6.742531
20 1 0 -0.466344 0.933096 1.789577 20 1 0 -0.467871 0.932386 1.789821
21 1 0 1.339884 0.219697 3.100571 21 1 0 1.338553 0.224400 3.100521
22 1 0 3.124735 1.448022 1.856870 22 1 0 3.127750 1.443216 1.855401
23 1 0 2.506807 2.227183 -0.425571 23 1 0 2.514115 2.217771  -0.429656
24 1 0 2.314925 -1.451941 1.034767 24 1 0 2.316115 -1.456899 1.043192
25 1 0 -0.398362  -2.151980 1.568874 25 1 0 -0.401476  -2.152026 1.556115
26 1 0 -2.348911  -2.159519 2.894845 26 1 0 -2.360976  -2.163853 2.878347
27 1 0 -2.176236 0.932445 2.884523 27 1 0 -2.224121 0.930920 2.868109
28 1 0 -4.546737 0.979910 3.242558 28 1 0 -4.219777 -0.157166 1.754657
29 1 0 -4.180459 0.184348 1.718176 29 1 0 -4.589283  -0.964803 3.273585
30 1 0 -4.652479  -2.050977 2.739810 30 1 0 -4.770384 1.311323 4.392538
31 1 0 -4.904465  -1.298211 4.309806 31 1 0 -4.520750 2.076372 2.828524
32 1 0 -6.850084 -0.015317 3.373885 32 1 0 -6.854373 0.214310 3.541019
33 1 0 -6.586299  -0.755426 1.803143 33 1 0 -6.922176 1.967271 3.531833
34 1 0 -8.420837 -1.933585 3.035607 34 1 0 -6.430680 1.972735 1.042952
35 1 0 -7.057634  -3.035307 2.789973 35 1 0 -6.459847 0.203477 1.045721
36 1 0 -7.318910 -2.290790 4.374098 36 1 0 -7.922061 1.108124 1.443377
37 1 0 -2.543811 0.582506 7.145041 37 1 0 -0.746658 0.915111 7.205630
38 1 0 -1.428883 -0.778787 7.003544 38 1 0 -2.496850 0.534784 7.144123
39 1 0 -0.776659 0.862598 7.236293 39 1 0 -1.307358 -0.759393 6.977933
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Structure 5-7 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.465514
3 6 0 1.417884 0.000000 2.042466
4 6 0 2.241406 1.061923 1.351611
5 6 0 1.943805 1.456950 0.105211
6 6 0 0.844600 0.829998 -0.663586
7 8 0 0.699259 0.989035 -1.866534
8 8 0 2.012180 -1.298132 1.869280
9 6 0 -0.805776  -1.197246 1.884044
10 6 0 -1.914994  -1.194897 2.635388
11 6 0 -2.645692  -0.010003 3.215732
12 8 0 -2.528300 -0.063702 4.683168
13 6 0 -4.148416  -0.033245 2.923858
14 6 0 -4.483322 0.144003 1.435418
15 6 0 -5.995380 0.149125 1.166796
16 6 0 -6.340355 0.326990 -0.317550
17 6 0 -1.434593 0.490165 5.250143
18 8 0 -0.554234 1.059284 4.621621
19 6 0 -1.441053 0.303210 6.748152
20 1 0 -0.469433 0.930717 1.788737
21 1 0 1.316279 0.234119 3.107569
22 1 0 3.107114 1.467499 1.871857
23 1 0 2.535168 2.189133 -0.436027
24 1 0 2.827853 -1.331113 2.395615
25 1 0 -0.412037 -2.149413 1.536691
26 1 0 -2.369270 -2.158116 2.870685
27 1 0 -2.213985 0.935465 2.886438
28 1 0 -4.569081 -0.976778 3.294105
29 1 0 -4.613854 0.771520 3.505574
30 1 0 -4.048626 1.085400 1.072046
31 1 0 -4.014412  -0.656030 0.849178
32 1 0 -6.430714  -0.790354 1.532687
33 1 0 -6.465078 0.952161 1.750236
34 1 0 -7.424433 0.323608 -0.476608
35 1 0 -5.949332 1.275237 -0.704877
36 1 0 -5.911455  -0.479780 -0.923400
37 1 0 -1.231160 -0.746019 6.980182
38 1 0 -0.673551 0.931326 7.200351
39 1 0 -2.422372 0.543464 7.164328

Structure 5-8 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.465556
3 6 0 1.417874 0.000000 2.042475
4 6 0 2.241373 1.062025 1.351707
5 6 0 1.943844 1.456958 0.105282
6 6 0 0.844727 0.829828 -0.663615
7 8 0 0.699539 0.988615 -1.866589
8 8 0 2.012259  -1.298063 1.869143
9 6 0 -0.805803 -1.197321 1.883890
10 6 0 -1.915203 -1.195216 2.634957
11 6 0 -2.646053 -0.010456 3.215358
12 8 0 -2.528984  -0.064488 4.682842
13 6 0 -4.148703 -0.033603 2.923105
14 6 0 -4.483150 0.144073 1.434625
15 6 0 -5.995106 0.149428 1.165502
16 6 0 -6.339571 0.327863 -0.318884
17 6 0 -1.435403 0.489287 5.250050
18 8 0 -0.555162 1.058821 4.621722
19 6 0 -1.441195 0.301179 6.747941
20 1 0 -0.469451 0.930733 1.788708
21 1 0 1.316304 0.233975 3.107605
22 1 0 3.106992 1.467674 1.872027
23 1 0 2.535124 2.189128 -0.436076
24 1 0 2.827648  -1.331208 2.395905
25 1 0 -0.411879  -2.149381 1.536428
26 1 0 -2.369428  -2.158527 2.869948
27 1 0 -2.214200 0.935075 2.886433
28 1 0 -4.569488 -0.977235 3.292966
29 1 0 -4.614285 0.771013 3.504902
30 1 0 -4.048225 1.085518 1.071642
31 1 0 -4.014135 -0.655856 0.848322
32 1 0 -6.430655 -0.790142 1.530907
33 1 0 -6.464928 0.952295 1.749080
34 1 0 -7.423597 0.324587 -0.478302
35 1 0 -5.948384 1.276239 -0.705733
36 1 0 -5.910507 -0.478702 -0.924896
37 1 0 -0.680268 0.936557 7.201146
38 1 0 -2.425104 0.530478 7.164017
39 1 0 -1.219968 -0.746022 6.978779
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Structure 5-9 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.468416
3 6 0 1.429338 0.000000 2.032903
4 6 0 2.241210 1.070431 1.346811
5 6 0 1.919520 1.490422 0.112893
6 6 0 0.811530 0.874387 -0.653670
7 8 0 0.641197 1.065086  -1.847996
8 8 0 2.101344  -1.265411 1.958759
9 6 0 -0.803628 -1.195611 1.891413
10 6 0 -1.906644  -1.194432 2.651927
11 6 0 -2.634942  -0.006253 3.228191
12 8 0 -2.543497 -0.070298 4_.695105
13 6 0 -4.125984  -0.021784 2.883454
14 6 0 -4.886949 1.216750 3.381327
15 6 0 -6.367271 1.254550 2.961925
16 6 0 -7.238310 0.155840 3.588785
17 6 0 -1.439773 0.446268 5.279260
18 8 0 -0.537306 0.994415 4.664162
19 6 0 -1.464769 0.243213 6.774604
20 1 0 -0.467257 0.932869 1.789324
21 1 0 1.341413 0.217144 3.099674
22 1 0 3.122060 1.452263 1.857814
23 1 0 2.503990 2.230261 -0.425417
24 1 0 2.311346  -1.450545 1.027392
25 1 0 -0.412731 -2.150875 1.547074
26 1 0 -2.355039 -2.157748 2.896388
27 1 0 -2.185637 0.935679 2.912745
28 1 0 -4.204311  -0.087062 1.790913
29 1 0 -4.568404  -0.940122 3.286202
30 1 0 -4.818266 1.272643 4.474655
31 1 0 -4.389205 2.114997 2.992170
32 1 0 -6.777758 2.233098 3.240995
33 1 0 -6.436003 1.196796 1.867254
34 1 0 -7.183196 0.186545 4.683746
35 1 0 -8.288968 0.282040 3.304899
36 1 0 -6.931739  -0.845613 3.268536
37 1 0 -1.243446  -0.806211 6.995841
38 1 0 -0.708811 0.873182 7.243495
39 1 0 -2.453563 0.466477 7.181980

Structure 5-10 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.468310
3 6 0 1.428652 0.000000 2.036161
4 6 0 2.249140 1.058249 1.341970
5 6 0 1.930414 1.475945 0.106543
6 6 0 0.815497 0.868524  -0.656488
7 8 0 0.643260 1.059713  -1.850405
8 8 0 2.095463 -1.269144 1.981842
9 6 0 -0.801095 -1.197600 1.889788
10 6 0 -1.905646  -1.202758 2.648140
11 6 0 -2.643645 -0.025535 3.235931
12 8 0 -2.488350 -0.066560 4.699904
13 6 0 -4.155460 -0.093382 2.991906
14 6 0 -4.575791 0.016092 1.515828
15 6 0 -4.324438 1.388011 0.870101
16 6 0 -4.865414 1.474816 -0.563183
17 6 0 -1.390103 0.510824 5.235152
18 8 0 -0.539838 1.095258 4.580109
19 6 0 -1.348486 0.325511 6.732519
20 1 0 -0.468611 0.930900 1.792300
21 1 0 1.337537 0.230975 3.099638
22 1 0 3.134255 1.434191 1.850049
23 1 0 2.521827 2.207696  -0.435277
24 1 0 2.309033 -1.468169 1.054352
25 1 0 -0.404340 -2.151530 1.548446
26 1 0 -2.347067 -2.170371 2.889391
27 1 0 -2.236054 0.924193 2.891936
28 1 0 -4.527258 -1.037337 3.408939
29 1 0 -4.624068 0.712527 3.569652
30 1 0 -4.075846  -0.762904 0.926082
31 1 0 -5.649417 -0.205085 1.461327
32 1 0 -4.793033 2.167461 1.486074
33 1 0 -3.250241 1.610329 0.857298
34 1 0 -4.393212 0.726391  -1.210012
35 1 0 -5.948004 1.302345 -0.588763
36 1 0 -4.673832 2.460705 -1.000772
37 1 0 -2.329072 0.514045 7.175741
38 1 0 -1.076695 -0.711419 6.956129
39 1 0 -0.601346 0.991335 7.164500
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Structure 5-11 in gas phase Structure 5-12 in gas phase

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 8 0 0.000000 0.000000 0.000000 1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.458468 2 6 0 0.000000 0.000000 1.468295
3 6 0 1.418927 0.000000 2.073602 3 6 0 1.428715 0.000000 2.035277
4 6 0 2.328536 0.918946 1.304339 4 6 0 2.245344 1.063600 1.344514
5 6 0 2.045827 1.308998 0.053812 5 6 0 1.925625 1.482117 0.109570
6 6 0 0.879803 0.776488 -0.681960 6 6 0 0.813732 0.871315 -0.655258
7 8 0 0.710555 0.950534  -1.879587 7 8 0 0.641708 1.062872  -1.849152
8 8 0 2.033298 -1.283996 2.140003 8 8 0 2.097600 -1.267625 1.972980
9 6 0 -0.833669 -1.203078 1.838818 9 6 0 -0.803202 -1.196154 1.889883
10 6 0 -1.425207 -1.461385 3.010592 10 6 0 -1.912369 -1.196104 2.641284
11 6 0 -1.416460 -0.602558 4.250048 11 6 0 -2.653474  -0.010098 3.206364
12 8 0 -1.136786  -1.449316 5.420870 12 8 0 -2.562705 -0.059807 4.673580
13 6 0 -2.749896 0.099007 4.543131 13 6 0 -4.143997 -0.059944 2.860266
14 6 0 -3.978766  -0.814169 4.660473 14 6 0 -4.982636 1.113610 3.399083
15 6 0 -5.255001 -0.036455 5.015813 15 6 0 -4.616092 2.512111 2.868212
16 6 0 -6.493174  -0.935377 5.126764 16 6 0 -4.780673 2.681787 1.350772
17 6 0 0.114715  -1.911796 5.593478 17 6 0 -1.465040 0.474202 5.253692
18 8 0 1.046706 -1.662460 4.838540 18 8 0 -0.572890 1.035065 4.634850
19 6 0 0.221873 -2.776552 6.824265 19 6 0 -1.481467 0.271411 6.749139
20 1 0 -0.485964 0.933466 1.766022 20 1 0 -0.467329 0.932190 1.790961
21 1 0 1.312819 0.401014 3.088803 21 1 0 1.338838 0.225182 3.100294
22 1 0 3.248875 1.230883 1.792983 22 1 0 3.128272 1.442547 1.854092
23 1 0 2.701740 1.958250 -0.517865 23 1 0 2.513864 2.218089 -0.429984
24 1 0 1.741764  -1.679082 2.984812 24 1 0 2.309588 -1.461099 1.043855
25 1 0 -0.936277  -1.930981 1.037219 25 1 0 -0.406726  -2.151597 1.552617
26 1 0 -1.982529  -2.392004 3.102204 26 1 0 -2.358767 -2.160456 2.885717
27 1 0 -0.626737 0.149777 4.203767 27 1 0 -2.210843 0.930860 2.882360
28 1 0 -2.623104 0.672304 5.470028 28 1 0 -4.220121  -0.115922 1.768600
29 1 0 -2.908097 0.830687 3.741199 29 1 0 -4.556333 -1.000812 3.244926
30 1 0 -4.138144  -1.346212 3.714362 30 1 0 -6.032868 0.909093 3.152988
31 1 0 -3.796765 -1.579746 5.424707 31 1 0 -4.921720 1.119715 4.493619
32 1 0 -5.103771 0.495047 5.964899 32 1 0 -5.256049 3.242771 3.378548
33 1 0 -5.432136 0.736595 4.256158 33 1 0 -3.588612 2.769250 3.156121
34 1 0 -6.695007 -1.451305 4.180654 34 1 0 -4.101970 2.032603 0.787096
35 1 0 -6.359152  -1.700759 5.900342 35 1 0 -5.803947 2.443330 1.036357
36 1 0 -7.384537 -0.353039 5.385027 36 1 0 -4.571480 3.713706 1.048069
37 1 0 -0.239674  -2.282185 7.682570 37 1 0 -0.740518 0.920142 7.216394
38 1 0 -0.317347  -3.713921 6.653857 38 1 0 -2.474515 0.468650 7.159407
39 1 0 1.269403 -2.994809 7.029985 39 1 0 -1.232169 -0.772001 6.969086
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Structure 5-13 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.472538
3 6 0 1.429753 0.000000 2.030708
4 6 0 2.239953 1.072600 1.345904
5 6 0 1.915407 1.495183 0.113829
6 6 0 0.804611 0.882343 -0.651522
7 8 0 0.628246 1.081669 -1.843656
8 8 0 2.104522 -1.263906 1.953591
9 6 0 -0.807695  -1.184555 1.924640
10 6 0 -2.117748 -1.178419 2.208434
11 6 0 -3.069940 -0.017669 2.071169
12 8 0 -3.646091 0.278071 3.391168
13 6 0 -4.246513  -0.283441 1.121662
14 6 0 -5.140703  -1.483703 1.472984
15 6 0 -6.412583 -1.575213 0.610271
16 6 0 -6.155693 -1.841500 -0.880247
17 6 0 -2.946221 1.097920 4.208059
18 8 0 -1.884775 1.619728 3.902709
19 6 0 -3.645235 1.272796 5.534608
20 1 0 -0.469158 0.933217 1.794516
21 1 0 1.355636 0.212857 3.100530
22 1 0 3.122718 1.452083 1.855139
23 1 0 2.499295 2.236269 -0.423343
24 1 0 2.304108 -1.451680 1.020360
25 1 0 -0.252562 -2.113226 2.036735
26 1 0 -2.564950 -2.105690 2.562909
27 1 0 -2.547859 0.877948 1.735631
28 1 0 -4.854977 0.629814 1.098649
29 1 0 -3.820541  -0.400915 0.119027
30 1 0 -4.575273  -2.418182 1.366763
31 1 0 -5.435794  -1.413445 2.526436
32 1 0 -7.042375  -2.379379 1.011123
33 1 0 -6.992855  -0.649331 0.722409
34 1 0 -5.607754  -1.021367 -1.356254
35 1 0 -5.570111  -2.758133 -1.021235
36 1 0 -7.099388 -1.963015 -1.423597
37 1 0 -3.610013 0.330380 6.090406
38 1 0 -3.148163 2.052104 6.112029
39 1 0 -4.697397 1.527136 5.383315

Structure 5-14 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.468717
3 6 0 1.429275 0.000000 2.033691
4 6 0 2.243080 1.067756 1.345857
5 6 0 1.921869 1.487406 0.111719
6 6 0 0.812433 0.872928  -0.654347
7 8 0 0.642520 1.063367 -1.848713
8 8 0 2.100641  -1.266033 1.965658
9 6 0 -0.800958 -1.196308 1.893890
10 6 0 -1.943257 -1.190532 2.594269
11 6 0 -2.726724  -0.001253 3.091079
12 8 0 -2.653976 0.024525 4.561434
13 6 0 -4.221038 -0.097396 2.763620
14 6 0 -4.549406 -0.078956 1.259198
15 6 0 -4.206156 1.219016 0.504016
16 6 0 -4.958973 2.463081 0.997389
17 6 0 -1.591434 0.637331 5.129286
18 8 0 -0.706902 1.193393 4.495472
19 6 0 -1.641341 0.534315 6.634350
20 1 0 -0.467268 0.931455 1.792677
21 1 0 1.341942 0.221403 3.099817
22 1 0 3.124816 1.448200 1.856347
23 1 0 2.507887 2.225589  -0.427205
24 1 0 2.313421  -1.454451 1.035561
25 1 0 -0.373979  -2.155241 1.607650
26 1 0 -2.384690 -2.154503 2.849784
27 1 0 -2.309263 0.937662 2.729818
28 1 0 -4.609613 -1.024108 3.203295
29 1 0 -4.729474 0.726302 3.276266
30 1 0 -4.042258 -0.918591 0.768331
31 1 0 -5.625023 -0.270791 1.154385
32 1 0 -3.125761 1.405403 0.541859
33 1 0 -4.438994 1.060711 -0.556073
34 1 0 -4.693996 2.725707 2.027509
35 1 0 -4.728805 3.331420 0.370284
36 1 0 -6.044064 2.306745 0.963855
37 1 0 -0.882657 1.182720 7.072403
38 1 0 -2.632517 0.805064 7.006629
39 1 0 -1.447987 -0.501410 6.931617
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Structure 5-15 in gas phase Structure 5-16 in gas phase

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 8 0 0.000000 0.000000 0.000000 1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.465546 2 6 0 0.000000 0.000000 1.467983
3 6 0 1.417833 0.000000 2.043173 3 6 0 1.428674 0.000000 2.034592
4 6 0 2.242290 1.060427 1.351526 4 6 0 2.242677 1.068250 1.347596
5 6 0 1.946593 1.453579 0.104119 5 6 0 1.921666 1.487845 0.113299
6 6 0 0.847741 0.826200 -0.664759 6 6 0 0.813387 0.872534  -0.653622
7 8 0 0.704207 0.982321 -1.868228 7 8 0 0.644555 1.062179  -1.848339
8 8 0 2.009714  -1.299212 1.871599 8 8 0 2.100035 -1.265922 1.965842
9 6 0 -0.806135 -1.197040 1.883754 9 6 0 -0.799837 -1.197782 1.892561
10 6 0 -1.920152  -1.194063 2.627865 10 6 0 -1.891439 -1.206617 2.670016
11 6 0 -2.661701  -0.006366 3.188391 11 6 0 -2.606004 -0.018468 3.263865
12 8 0 -2.601872 -0.068424 4.657148 12 8 0 -2.502144 -0.093124 4.730033
13 6 0 -4.145470 -0.039598 2.811998 13 6 0 -4.102509 0.054956 2.932200
14 6 0 -4.984104 1.137871 3.342208 14 6 0 -4.956180 -1.152135 3.353704
15 6 0 -4.595364 2.536216 2.826973 15 6 0 -6.458199 -0.975221 3.060507
16 6 0 -4.732967 2.717234 1.308109 16 6 0 -7.155123 0.102148 3.904444
17 6 0 -1.514784 0.454110 5.265785 17 6 0 -1.399095 0.432521 5.308028
18 8 0 -0.603187 1.011286 4.672195 18 8 0 -0.503923 0.987521 4.688350
19 6 0 -1.572154 0.246688 6.759857 19 6 0 -1.418481 0.234678 6.804208
20 1 0 -0.468325 0.931647 1.788092 20 1 0 -0.466840 0.932979 1.789073
21 1 0 1.316982 0.235421 3.108471 21 1 0 1.337423 0.219859 3.100577
22 1 0 3.107414 1.466539 1.872379 22 1 0 3.124048 1.449172 1.858403
23 1 0 2.539050 2.184807 -0.437230 23 1 0 2.507505 2.226190 -0.425609
24 1 0 2.838940 -1.324961 2.376933 24 1 0 2.319632 -1.450669 1.036680
25 1 0 -0.408567 -2.149798 1.542511 25 1 0 -0.409194  -2.149663 1.538721
26 1 0 -2.373772  -2.156902 2.865189 26 1 0 -2.320490 -2.175707 2.918113
27 1 0 -2.204524 0.933563 2.882142 27 1 0 -2.135178 0.914136 2.955405
28 1 0 -4.199732 -0.087101 1.718677 28 1 0 -4.484524 0.968614 3.401147
29 1 0 -4.574077 -0.979363 3.181220 29 1 0 -4.184143 0.202768 1.847736
30 1 0 -6.031198 0.944279 3.074796 30 1 0 -4.608583  -2.048699 2.827218
31 1 0 -4.944487 1.136812 4_.437778 31 1 0 -4.818126  -1.344546 4.424897
32 1 0 -5.236693 3.269813 3.331386 32 1 0 -6.596074  -0.752420 1.993840
33 1 0 -3.570359 2.781382 3.133589 33 1 0 -6.956400 -1.936711 3.236551
34 1 0 -4.508887 3.749001 1.015705 34 1 0 -8.229640 0.128178 3.691821
35 1 0 -4.051422 2.065144 0.751293 35 1 0 -7.032676 -0.097373 4.975920
36 1 0 -5.753169 2.490793 0.975357 36 1 0 -6.759445 1.103758 3.705559
37 1 0 -2.559534 0.506108 7.149461 37 1 0 -0.620602 0.818974 7.262309
38 1 0 -1.396414  -0.810862 6.982436 38 1 0 -2.387034 0.524257 7.219352
39 1 0 -0.803464 0.848149 7.245053 39 1 0 -1.265636 -0.825660 7.029729
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Structure 5-17 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.461014
3 6 0 1.419772 0.000000 2.058003
4 6 0 2.278980 1.006710 1.341703
5 6 0 1.981535 1.407591 0.097585
6 6 0 0.858507 0.816149 -0.664181
7 8 0 0.706553 0.986856 -1.864353
8 8 0 2.092398 -1.264808 1.968389
9 6 0 -0.798965 -1.207803 1.868821
10 6 0 -1.781019 -1.266629 2.778311
11 6 0 -2.360631 -0.128547 3.581550
12 8 0 -2.263467 -0.464818 5.009452
13 6 0 -3.843698 0.151076 3.298202
14 6 0 -4.807562 -1.025236 3.519065
15 6 0 -6.283307 -0.672001 3.255644
16 6 0 -6.894183 0.325626 4.251021
17 6 0 -1.097907 -0.201998 5.641072
18 8 0 -0.129888 0.309476 5.098666
19 6 0 -1.153354  -0.626327 7.088447
20 1 0 -0.479799 0.929998 1.777474
21 1 0 1.307036 0.292789 3.107653
22 1 0 3.169327 1.369204 1.850246
23 1 0 2.595952 2.114561 -0.451260
24 1 0 1.774607 -1.824688 2.696390
25 1 0 -0.507924  -2.124416 1.358819
26 1 0 -2.228014  -2.239955 2.973212
27 1 0 -1.793219 0.789155 3.427845
28 1 0 -4.132166 1.000471 3.927508
29 1 0 -3.912424 0.493517 2.257904
30 1 0 -4.530645 -1.853139 2.855829
31 1 0 -4.702905 -1.397255 4.545752
32 1 0 -6.386476 -0.281223 2.234314
33 1 0 -6.867144  -1.600404 3.285269
34 1 0 -6.410434 1.307030 4.203066
35 1 0 -7.959602 0.477728 4.045422
36 1 0 -6.803315 -0.040265 5.280990
37 1 0 -1.213348 -1.717730 7.146564
38 1 0 -0.257684  -0.284004 7.606396
39 1 0 -2.046563 -0.221804 7.571481

Structure 5-18 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.458242
3 6 0 1.419105 0.000000 2.072819
4 6 0 2.327492 0.920765 1.304314
5 6 0 2.042360 1.314495 0.055425
6 6 0 0.876773 0.781146  -0.680728
7 8 0 0.706005 0.957633  -1.877780
8 8 0 2.034851  -1.283425 2.137860
9 6 0 -0.834327 -1.202083 1.840088
10 6 0 -1.426986  -1.455775 3.012362
11 6 0 -1.414097 -0.592958 4.249083
12 8 0 -1.143828 -1.438518 5.422647
13 6 0 -2.738246 0.127901 4.538151
14 6 0 -3.981164 -0.769367 4.646115
15 6 0 -5.279146 0.008314 4.930083
16 6 0 -5.346941 0.663674 6.317483
17 6 0 0.105470 -1.906851 5.597272
18 8 0 1.037375 -1.667499 4.839184
19 6 0 0.210382  -2.756779 6.838478
20 1 0 -0.485346 0.933908 1.765704
21 1 0 1.312505 0.400057 3.088222
22 1 0 3.248099 1.232574 1.792541
23 1 0 2.696525 1.966568 -0.515050
24 1 0 1.746026 -1.679718 2.982877
25 1 0 -0.936712  -1.932331 1.040597
26 1 0 -1.984350 -2.385949 3.107256
27 1 0 -0.615765 0.150138 4.201443
28 1 0 -2.597737 0.701705 5.461067
29 1 0 -2.883386 0.859000 3.732722
30 1 0 -4.108934  -1.322184 3.707961
31 1 0 -3.827592  -1.518260 5.433108
32 1 0 -5.419051 0.773961 4_.155053
33 1 0 -6.122909 -0.685226 4.827078
34 1 0 -4.577864 1.432064 6.450503
35 1 0 -6.318695 1.145132 6.473474
36 1 0 -5.213840 -0.081207 7.111427
37 1 0 1.247987  -3.048582 6.997512
38 1 0 -0.164159 -2.207278 7.706219
39 1 0 -0.409607 -3.651039 6.722724
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Structure 5-19 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.468941
3 6 0 1.429124 0.000000 2.033042
4 6 0 2.242536 1.068592 1.345581
5 6 0 1.921374 1.487912 0.111270
6 6 0 0.812781 0.872259 -0.654771
7 8 0 0.642854 1.061618 -1.849406
8 8 0 2.100516  -1.266047 1.961883
9 6 0 -0.800330 -1.197855 1.890942
10 6 0 -1.925000 -1.200437 2.619720
11 6 0 -2.670783 -0.016358 3.180170
12 8 0 -2.530683 -0.050121 4.647864
13 6 0 -4.183458 -0.031390 2.925999
14 6 0 -4.607646 0.184069 1.458784
15 6 0 -4.599404  -1.068582 0.567489
16 6 0 -5.102024 -0.782619 -0.853846
17 6 0 -1.436649 0.526784 5.191758
18 8 0 -0.577651 1.105821 4.543320
19 6 0 -1.414363 0.352460 6.690895
20 1 0 -0.467723 0.931479 1.792629
21 1 0 1.341069 0.219637 3.099194
22 1 0 3.123708 1.449965 1.856384
23 1 0 2.506950 2.226424  -0.427687
24 1 0 2.306814  -1.455081 1.030480
25 1 0 -0.390851  -2.153083 1.568909
26 1 0 -2.367640 -2.166218 2.864109
27 1 0 -2.249069 0.926996 2.832910
28 1 0 -4.606349 -0.968615 3.309121
29 1 0 -4.603158 0.773507 3.539893
30 1 0 -5.626987 0.590177 1.464848
31 1 0 -3.980378 0.963177 1.003929
32 1 0 -5.232363  -1.838315 1.029643
33 1 0 -3.589648  -1.488835 0.514842
34 1 0 -6.124710 -0.386525 -0.841759
35 1 0 -5.104026  -1.692668 -1.463976
36 1 0 -4.465833 -0.046147 -1.358541
37 1 0 -1.193281  -0.693322 6.927878
38 1 0 -0.642999 0.989663 7.123258
39 1 0 -2.389652 0.590162 7.122547

Structure 5-20 in gas phase

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.468883
3 6 0 1.429140 0.000000 2.032960
4 6 0 2.242452 1.068692 1.345545
5 6 0 1.921247 1.488091 0.111272
6 6 0 0.812713 0.872418 -0.654785
7 8 0 0.642654 1.061843  -1.849384
8 8 0 2.100548 -1.266024 1.961632
9 6 0 -0.800277  -1.197897 1.890896
10 6 0 -1.924623 -1.200610 2.620181
11 6 0 -2.670127 -0.016632 3.181220
12 8 0 -2.529550 -0.050811 4.648846
13 6 0 -4.182904 -0.031493 2.927570
14 6 0 -4.607630 0.184460 1.460581
15 6 0 -4.599951 -1.067933 0.568907
16 6 0 -5.103125 -0.781471 -0.852127
17 6 0 -1.435128 0.525606 5.192494
18 8 0 -0.576523 1.105124 4.543942
19 6 0 -1.411005 0.349213 6.691338
20 1 0 -0.467730 0.931464 1.792634
21 1 0 1.341166 0.219563 3.099132
22 1 0 3.123599 1.450140 1.856341
23 1 0 2.506721 2.226712  -0.427653
24 1 0 2.307103  -1.454792 1.030233
25 1 0 -0.391001 -2.153059 1.568402
26 1 0 -2.367195 -2.166434 2.864512
27 1 0 -2.248465 0.926774 2.834054
28 1 0 -4.605709 -0.968809 3.310563
29 1 0 -4.602312 0.773244 3.541874
30 1 0 -5.626912 0.590711 1.467176
31 1 0 -3.980438 0.963614 1.005704
32 1 0 -3.590287  -1.488335 0.515719
33 1 0 -5.232837 -1.837701 1.031104
34 1 0 -6.125752  -0.385240 -0.839475
35 1 0 -4.467053 -0.044917 -1.356853
36 1 0 -5.105509 -1.691323 -1.462543
37 1 0 -2.389877 0.570081 7.123597
38 1 0 -1.172583 -0.693388 6.925810
39 1 0 -0.649512 0.997277 7.125134
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Structure 5-21 in gas phase Structure 5-1 in CHCIs solution

Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Number Number Type X

1 8 0 0.000000 0.000000 0.000000 1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.462008 2 6 0 0.000000 0.000000 1.463330
3 6 0 1.421000 0.000000 2.056000 3 6 0 1.431351 0.000000 2.024179
4 6 0 2.275102 1.012767 1.341817 4 6 0 2.226332 1.093402 1.353552
5 6 0 1.977580 1.412483 0.097419 5 6 0 1.893376 1.525890 0.127227
6 6 0 0.857720 0.816145 -0.665076 6 6 0 0.789328 0.906108 -0.650200
7 8 0 0.707330 0.983674  -1.865897 7 8 0 0.614624 1.117440  -1.834130
8 8 0 2.097760 -1.262520 1.957733 8 8 0 2.110943 -1.257254 1.908624
9 6 0 -0.801331  -1.205297 1.867552 9 6 0 -0.794283  -1.200883 1.889676
10 6 0 -1.841355  -1.248153 2.711165 10 6 0 -1.920750 -1.204248 2.614173
11 6 0 -2.503840 -0.105664 3.439165 11 6 0 -2.692774 -0.017395 3.132105
12 8 0 -2.352233 -0.326612 4_.886663 12 8 0 -2.613893 -0.004649 4.600282
13 6 0 -4.017947 -0.050484 3.200539 13 6 0 -4.179383  -0.099976 2.778123
14 6 0 -4.429301 0.251123 1.747999 14 6 0 -4.995476 1.123927 3.216593
15 6 0 -4.059439 1.646605 1.210505 15 6 0 -6.480001 1.020715 2.835324
16 6 0 -4.717247 2.814610 1.959734 16 6 0 -7.298863 2.241402 3.274423
17 6 0 -1.213840 0.099243 5.476723 17 6 0 -1.519807 0.561971 5.159686
18 8 0 -0.313236 0.674207 4.883758 18 8 0 -0.625961 1.094471 4.523981
19 6 0 -1.203580 -0.234771 6.948677 19 6 0 -1.551676 0.436644 6.664967
20 1 0 -0.477657 0.929404 1.782077 20 1 0 -0.468959 0.928001 1.796539
21 1 0 1.308983 0.289907 3.106204 21 1 0 1.351518 0.188844 3.097054
22 1 0 3.162725 1.379741 1.851863 22 1 0 3.104318 1.478759 1.867899
23 1 0 2.589633 2.122180 -0.450595 23 1 0 2.462588 2.281954  -0.405457
24 1 0 1.801874  -1.821488 2.695350 24 1 0 2.305047 -1.410104 0.968582
25 1 0 -0.467475 -2.135168 1.410388 25 1 0 -0.372550 -2.155431 1.582182
26 1 0 -2.293705  -2.220987 2.906786 26 1 0 -2.358477  -2.169933 2.869572
27 1 0 -2.035769 0.850145 3.206857 27 1 0 -2.272816 0.923358 2.774023
28 1 0 -4.447406  -1.013804 3.501705 28 1 0 -4.247793  -0.222713 1.690087
29 1 0 -4.435024 0.700651 3.880033 29 1 0 -4.598559 -1.011316 3.223456
30 1 0 -4.000783 -0.510306 1.085144 30 1 0 -4.906987 1.250863 4.302301
31 1 0 -5.518359 0.131018 1.683274 31 1 0 -4.567814 2.028468 2.761834
32 1 0 -2.970277 1.780119 1.210621 32 1 0 -6.568763 0.893187 1.748217
33 1 0 -4.359008 1.688437 0.156230 33 1 0 -6.906471 0.114039 3.284893
34 1 0 -5.808979 2.710774 1.970443 34 1 0 -8.351647 2.137607 2.990009
35 1 0 -4.380257 2.881241 3.000062 35 1 0 -7.259522 2.375642 4.361827
36 1 0 -4.478812 3.769383 1.478328 36 1 0 -6.919424 3.160928 2.813597
37 1 0 -1.115787 -1.318680 7.074488 37 1 0 -2.532214 0.719132 7.056640
38 1 0 -0.357796 0.255136 7.430723 38 1 0 -1.373661 -0.607079 6.944094
39 1 0 -2.139627 0.076226 7.419418 39 1 0 -0.773005 1.063614 7.099336
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Structure 5-2 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.463332
3 6 0 1.430953 0.000000 2.024172
4 6 0 2.226364 1.092626 1.352843
5 6 0 1.892041 1.527018 0.127556
6 6 0 0.786728 0.909000 -0.649345
7 8 0 0.609404 1.123315 -1.832336
8 8 0 2.110220 -1.257632 1.910202
9 6 0 -0.794046  -1.201170 1.889415
10 6 0 -1.913796  -1.204872 2.624349
11 6 0 -2.672406  -0.020873 3.168999
12 8 0 -2.550573  -0.018132 4.635240
13 6 0 -4.174205 -0.088001 2.879726
14 6 0 -4.510696 0.035050 1.386197
15 6 0 -6.021576  -0.002618 1.112733
16 6 0 -6.364910 0.122251  -0.377268
17 6 0 -1.445918 0.553056 5.167520
18 8 0 -0.574642 1.098468 4.511278
19 6 0 -1.431645 0.413648 6.671882
20 1 0 -0.470328 0.926954 1.797299
21 1 0 3.105181 1.476937 1.866531
22 1 0 2.461071 2.283372 -0.404923
23 1 0 2.302039 -1.413316 0.970140
24 1 0 -0.377723  -2.155197 1.572784
25 1 0 -2.352816  -2.170848 2.877658
26 1 0 -2.262811 0.921788 2.803906
27 1 0 -4.573172  -1.028738 3.280408
28 1 0 -4.659574 0.721617 3.438149
29 1 0 -4.096271 0.974070 0.993721
30 1 0 -4.019552  -0.769702 0.825320
31 1 0 -6.437699 -0.939763 1.506356
32 1 0 -6.512428 0.806454 1.670166
33 1 0 -7.447875 0.091554  -0.539613
34 1 0 -5.992277 1.065651  -0.792945
35 1 0 -5.917349 -0.692833 -0.957576
36 1 0 -0.681246 1.083038 7.092836
37 1 0 -2.416859 0.628324 7.092825
38 1 0 -1.178089 -0.619262 6.932905
39 1 0 1.350520 0.190298 3.096595

Structure 5-3 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.462975
3 6 0 1.431656 0.000000 2.023501
4 6 0 2.226460 1.093283 1.352447
5 6 0 1.892235 1.527150 0.126958
6 6 0 0.788110 0.907466  -0.650152
7 8 0 0.612451 1.119245  -1.833810
8 8 0 2.110243  -1.257557 1.907773
9 6 0 -0.791949 -1.202765 1.889385
10 6 0 -1.899043  -1.213707 2.643056
11 6 0 -2.652589  -0.033060 3.200907
12 8 0 -2.532766  -0.042903 4.666707
13 6 0 -4.149877 -0.116855 2.889542
14 6 0 -4.996571 1.056425 3.411208
15 6 0 -4.698339 2.415014 2.757241
16 6 0 -5.633817 3.526988 3.250191
17 6 0 -1.424055 0.515351 5.204548
18 8 0 -0.551183 1.064614 4.553714
19 6 0 -1.405789 0.355537 6.706813
20 1 0 -0.469901 0.927888 1.795771
21 1 0 1.351489 0.189351 3.096136
22 1 0 3.104810 1.478386 1.866353
23 1 0 2.460775 2.283816  -0.405592
24 1 0 2.297814  -1.414061 0.966963
25 1 0 -0.382406  -2.154306 1.557030
26 1 0 -2.332884  -2.182232 2.894478
27 1 0 -2.234962 0.907902 2.845414
28 1 0 -4.249417  -0.192306 1.799391
29 1 0 -4.534501 -1.056858 3.304390
30 1 0 -6.052321 0.809165 3.239266
31 1 0 -4.876831 1.136038 4._.498596
32 1 0 -3.660044 2.710245 2.954884
33 1 0 -4.787829 2.320295 1.666646
34 1 0 -5.545394 3.668627 4.333816
35 1 0 -5.402929 4.483853 2.769685
36 1 0 -6.681735 3.289191 3.032369
37 1 0 -2.389066 0.565719 7.134557
38 1 0 -1.152591 -0.681070 6.953153
39 1 0 -0.652813 1.017952 7.134117
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Structure 5-4 in CHCI; solution

0.000000
0.000000
0.000000
1.089906
1.520880
0.903173
1.113771
-1.258657
-1.202776
-1.215264
-0.036342
-0.056966
-0.104516
1.125968
1.023656
0.974346
0.487841
1.032164
0.320723
0.928056
0.192688
1.474099
2.274505
-1.413179
-2.153449
-2.184190
0.909627
-0.225936
-1.013524
1.275478
2.020435
0.137040
1.887404
1.846048
0.077648
0.970934
0.955575
0.563984

0.000000
1.462874
2.025536
1.352843
0.125468
-0.651112
-1.835237
1.916008
1.886744
2.637558
3.200789
4.666545
2.885911
3.359242
3.131805
1.657357
5.209531

1.867137
-0.408461
0.978018
1.550842
2.883492
2.852080
1.800947
3.341658
4.428775
2.847700
3.654358

Center Atomic Atomic
Number Number Type X

1 8 0 0.000000
2 6 0 0.000000
3 6 0 1.430497
4 6 0 2.228687
5 6 0 1.897497
6 6 0 0.791715
7 8 0 0.617447
8 8 0 2.108870
9 6 0 -0.793489
10 6 0 -1.902488
11 6 0 -2.654812
12 8 0 -2.536440
13 6 0 -4.150951
14 6 0 -4.939663
15 6 0 -6.458189
16 6 0 -6.884605
17 6 0 -1.423606
18 8 0 -0.544616
19 6 0 -1.411654
20 1 0 -0.470275
21 1 0 1.348858
22 1 0 3.107224
23 1 0 2.468796
24 1 0 2.311300
25 1 0 -0.384798
26 1 0 -2.338496
27 1 0 -2.238585
28 1 0 -4.244615
29 1 0 -4.565246
30 1 0 -4.752285
31 1 0 -4.556914
32 1 0 -6.842186
33 1 0 -6.936697
34 1 0 -6.508966
35 1 0 -6.513305
36 1 0 -7.976265
37 1 0 -0.637427
38 1 0 -2.387828
39 1 0 -1.196283

-0.725066

Structure 5-5 in CHCI; solution

0.000000
0.000000
0.000000
1.091499
1.523082
0.905982
1.119251
-1.257723
-1.200747
-1.201669
-0.016047
0.016409
-0.119211
-0.119714
1.186363
1.172789
0.600798
1.133429
0.494774
0.927287
0.190652
1.475911
2.276990
-1.413477
-2.156392
-2.167523
0.923827
-1.035894
0.718262
-0.955401
-0.319351
2.029490
1.369040
0.361827
1.031436
2.112946
0.739945
-0.536860

0.000000
1.463769
2.024515
1.352492
0.125578
-0.650464
-1.833672
1.911153

-0.878080
5.125484
4.473736
6.632633
1.797899
3.096954
1.866366

-0.408363
0.971086
1.598326
2.867682
2.745444
3.284694
3.317892
0.816533
1.237297
1.110176
0.575801

-1.446792

-0.926320

-1.386952
7.030602
6.922171

Center Atomic Atomic
Number Number Type X

1 8 0 0.000000
2 6 0 0.000000
3 6 0 1.431026
4 6 0 2.227697
5 6 0 1.895674
6 6 0 0.789384
7 8 0 0.612036
8 8 0 2.110299
9 6 0 -0.793234
10 6 0 -1.925448
11 6 0 -2.705021
12 8 0 -2.607934
13 6 0 -4.204219
14 6 0 -4.561609
15 6 0 -4.244710
16 6 0 -4.738833
17 6 0 -1.513896
18 8 0 -0.631356
19 6 0 -1.527745
20 1 0 -0.469355
21 1 0 1.350862
22 1 0 3.106346
23 1 0 2.466567
24 1 0 2.302134
25 1 0 -0.364068
26 1 0 -2.360872
27 1 0 -2.299249
28 1 0 -4.584173
29 1 0 -4.704984
30 1 0 -4.059385
31 1 0 -5.637905
32 1 0 -4.702314
33 1 0 -3.163039
34 1 0 -4.270242
35 1 0 -5.825206
36 1 0 -4.501056
37 1 0 -2.515522
38 1 0 -1.301711
39 1 0 -0.771399

1.158657

7.051565
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Structure 5-6 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.462911
3 6 0 1.431266 0.000000 2.023720
4 6 0 2.225895 1.093906 1.353189
5 6 0 1.892620 1.526743 0.126997
6 6 0 0.788419 0.906845 -0.650174
7 8 0 0.612943 1.118563 -1.833901
8 8 0 2.110787 -1.257309 1.907726
9 6 0 -0.795533  -1.200848 1.887851
10 6 0 -1.904055  -1.207946 2.639460
11 6 0 -2.648082  -0.023820 3.202794
12 8 0 -2.540877 -0.052523 4.669088
13 6 0 -4.142401  -0.070850 2.875740
14 6 0 -4.920458 1.161265 3.362373
15 6 0 -6.403079 1.173269 2.949670
16 6 0 -7.253763 0.063048 3.583997
17 6 0 -1.425781 0.478417 5.221424
18 8 0 -0.536648 1.015510 4.582878
19 6 0 -1.424248 0.304287 6.722131
20 1 0 -0.469301 0.928637 1.794815
21 1 0 1.351006 0.188158 3.096531
22 1 0 3.103750 1.479401 1.867658
23 1 0 2.461337 2.283152 -0.405735
24 1 0 2.305814  -1.410457 0.967922
25 1 0 -0.390554  -2.153027 1.551694
26 1 0 -2.344593  -2.174259 2.887359
27 1 0 -2.217942 0.918905 2.862285
28 1 0 -4.232259  -0.158331 1.785435
29 1 0 -4.563869 -0.989100 3.301035
30 1 0 -4.846147 1.229778 4.454534
31 1 0 -4.438437 2.063331 2.961714
32 1 0 -6.828389 2.146205 3.226191
33 1 0 -6.476409 1.110873 1.855516
34 1 0 -7.193145 0.095625 4.678561
35 1 0 -8.307889 0.172455 3.306791
36 1 0 -6.935288 -0.934599 3.263594
37 1 0 -1.192419 -0.739105 6.960897
38 1 0 -0.663189 0.948512 7.162746
39 1 0 -2.407440 0.528713 7.142770

Structure 5-7 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.463105
3 6 0 1.431508 0.000000 2.023754
4 6 0 2.225437 1.094858 1.354095
5 6 0 1.891586 1.528218 0.128256
6 6 0 0.788168 0.907552  -0.649552
7 8 0 0.613245 1.119454  -1.833319
8 8 0 2.111845  -1.256591 1.905892
9 6 0 -0.793291 -1.200698 1.891970
10 6 0 -1.916296 -1.207254 2.622567
11 6 0 -2.677478 -0.015413 3.146500
12 8 0 -2.619111  -0.021267 4.616355
13 6 0 -4.163919 0.001033 2.766821
14 6 0 -5.005457 -1.196098 3.234179
15 6 0 -6.494081  -1.033172 2.891032
16 6 0 -7.350320 -2.221860 3.346229
17 6 0 -1.515699 0.509036 5.193386
18 8 0 -0.601433 1.024492 4.573033
19 6 0 -1.565668 0.367486 6.696747
20 1 0 -0.468220 0.928909 1.795054
21 1 0 1.351497 0.186794 3.096983
22 1 0 3.103261 1.480434 1.868545
23 1 0 2.459738 2.285381  -0.403992
24 1 0 2.306631 -1.407561 0.965666
25 1 0 -0.370445  -2.154493 1.583436
26 1 0 -2.340205 -2.175458 2.883764
27 1 0 -2.220991 0.915846 2.811041
28 1 0 -4.592817 0.925715 3.173695
29 1 0 -4.215235 0.087859 1.674061
30 1 0 -4.637033  -2.120752 2.772305
31 1 0 -4.893094  -1.321150 4.317928
32 1 0 -6.873881  -0.112065 3.353233
33 1 0 -6.604579 -0.897838 1.806740
34 1 0 -8.405148 -2.073452 3.090451
35 1 0 -7.021610 -3.153839 2.871412
36 1 0 -7.287943  -2.363662 4.431630
37 1 0 -2.547986 0.652886 7.081457
38 1 0 -1.397620 -0.680737 6.965301
39 1 0 -0.786360 0.982715 7.146589
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Structure 5-8 in CHCI; solution

0.000000
0.000000
0.000000
1.056533
1.446419
0.826203
0.994278
-1.305326
-1.202774
-1.212892
-0.034080
-0.103458
-0.053726
1.165353
1.126793
2.342323
0.404875
0.950928
0.198027
0.928749
0.238589
1.467339
2.176489
-1.314250
-2.147577
-2.179206
0.912792
-0.112067
-0.977022
1.226774
2.082271
1.065614
0.207795
2.410984
3.276215
2.285645
-0.864909
0.773639

0.000000
1.457964
2.047881
1.357805
0.109028
-0.668356
-1.864665
1.884078
1.874174
2.633753
3.221665
4.688761

1.883009
-0.434055
2.327183
1.509942
2.862257
2.912934
1.786365
3.275299
4.485222
2.988997
1.930874

Center Atomic Atomic
Number Number Type X

1 8 0 0.000000
2 6 0 0.000000
3 6 0 1.414342
4 6 0 2.244738
5 6 0 1.954691
6 6 0 0.851486
7 8 0 0.714972
8 8 0 1.995501
9 6 0 -0.800739
10 6 0 -1.903494
11 6 0 -2.635983
12 8 0 -2.546655
13 6 0 -4.127495
14 6 0 -4.904500
15 6 0 -6.394362
16 6 0 -7.174144
17 6 0 -1.438283
18 8 0 -0.533011
19 6 0 -1.468912
20 1 0 -0.471225
21 1 0 1.303931
22 1 0 3.106387
23 1 0 2.547435
24 1 0 2.858689
25 1 0 -0.404957
26 1 0 -2.354590
27 1 0 -2.191116
28 1 0 -4.208320
29 1 0 -4.568987
30 1 0 -4.803852
31 1 0 -4.454435
32 1 0 -6.495533
33 1 0 -6.843254
34 1 0 -7.122692
35 1 0 -6.771538
36 1 0 -8.231627
37 1 0 -1.327361
38 1 0 -0.668117
39 1 0 -2.437765

0.492741

Structure 5-9 in CHCI; solution

0.000000
0.000000
0.000000
0.909618
1.306772
0.792799
0.992412
-1.281301
-1.205330
-1.438232
-0.542001
-1.342703
0.136094
-0.803289
-0.049171
-0.975770
-1.758359
-1.489626
-2.603694
0.931181
0.411309
1.203734
1.949938
-1.662390
-1.954798
-2.373316
0.225538
0.742303
0.836746
-1.366620
-1.540997
0.513525
0.697662
-1.523487
-1.715529
-0.409743
-2.146486
-3.583789

0.000000
1.450361
2.080417
1.308659
0.061066
-0.681926
-1.868248

-0.512570
3.018399
1.044669
3.078551
4.144164
5.333711
3.591779
3.600154
5.325453
5.767449

Center Atomic Atomic
Number Number Type X

1 8 0 0.000000
2 6 0 0.000000
3 6 0 1.415459
4 6 0 2.332276
5 6 0 2.049482
6 6 0 0.875638
7 8 0 0.701911
8 8 0 2.024995
9 6 0 -0.830248
10 6 0 -1.472070
11 6 0 -1.526908
12 8 0 -1.264394
13 6 0 -2.884484
14 6 0 -4.094084
15 6 0 -5.399137
16 6 0 -6.617397
17 6 0 -0.002100
18 8 0 0.945183
19 6 0 0.089858
20 1 0 -0.490309
21 1 0 1.298333
22 1 0 3.260204
23 1 0 2.710038
24 1 0 1.745209
25 1 0 -0.882600
26 1 0 -2.021341
27 1 0 -0.751280
28 1 0 -2.801518
29 1 0 -3.036841
30 1 0 -4.212865
31 1 0 -3.913108
32 1 0 -5.288901
33 1 0 -5.574064
34 1 0 -6.780002
35 1 0 -6.487878
36 1 0 -7.529982
37 1 0 -0.467639
38 1 0 -0.357263
39 1 0 1.136328

-2.736036
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Structure 5-10 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.468799
3 6 0 1.429702 0.000000 2.021880
4 6 0 2.230491 1.086723 1.346494
5 6 0 1.892888 1.525393 0.123972
6 6 0 0.777197 0.918475 -0.647115
7 8 0 0.586539 1.147041 -1.825491
8 8 0 2.106203  -1.259959 1.920071
9 6 0 -0.810668 -1.181588 1.932446
10 6 0 -2.148967 -1.234198 1.948528
11 6 0 -3.086937 -0.163887 1.452296
12 8 0 -3.939915 0.271623 2.567418
13 6 0 -4.023141  -0.621428 0.325781
14 6 0 -4.930422  -1.819566 0.648585
15 6 0 -5.989446  -2.098581 -0.433444
16 6 0 -5.417617 -2.528697 -1.792262
17 6 0 -3.434469 1.215778 3.396798
18 8 0 -2.341149 1.735391 3.256707
19 6 0 -4.402475 1.529855 4.514200
20 1 0 -0.478037 0.929375 1.795369
21 1 0 1.363903 0.193635 3.096759
22 1 0 3.117219 1.460810 1.853931
23 1 0 2.465227 2.278342 -0.409735
24 1 0 2.241899  -1.453470 0.977016
25 1 0 -0.241725  -2.040688 2.281058
26 1 0 -2.625851  -2.132407 2.337928
27 1 0 -2.528983 0.706638 1.107998
28 1 0 -4.644289 0.241327 0.051732
29 1 0 -3.387785 -0.838090 -0.539946
30 1 0 -4.322981  -2.723248 0.787755
31 1 0 -5.440780 -1.634427 1.601066
32 1 0 -6.659737 -2.885411 -0.064778
33 1 0 -6.614855 -1.205187 -0.565615
34 1 0 -4.813376  -1.740526  -2.253512
35 1 0 -4.781800 -3.416485 -1.689790
36 1 0 -6.221504  -2.776193  -2.494253
37 1 0 -4.476463 0.667683 5.184914
38 1 0 -4.045098 2.394597 5.073240
39 1 0 -5.401823 1.721763 4.114771

Structure 5-11 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.458185
3 6 0 1.414558 0.000000 2.046670
4 6 0 2.241707 1.060786 1.358981
5 6 0 1.950484 1.451657 0.110796
6 6 0 0.849602 0.828421 -0.667593
7 8 0 0.713744 0.996329  -1.864028
8 8 0 1.997641  -1.303871 1.878204
9 6 0 -0.800836  -1.202199 1.875469
10 6 0 -1.911799 -1.206982 2.623361
11 6 0 -2.649202 -0.025772 3.201320
12 8 0 -2.535460 -0.070242 4.668720
13 6 0 -4.151004 -0.053893 2.905305
14 6 0 -4.480859 0.128362 1.416281
15 6 0 -5.991227 0.122470 1.138302
16 6 0 -6.328990 0.308594  -0.346617
17 6 0 -1.430691 0.472026 5.227253
18 8 0 -0.546542 1.028692 4._.597577
19 6 0 -1.433510 0.287204 6.727256
20 1 0 -0.471456 0.927515 1.790222
21 1 0 1.304966 0.235265 3.111634
22 1 0 3.101396 1.474187 1.885348
23 1 0 2.540470 2.184884  -0.431027
24 1 0 2.867201  -1.308637 2.308782
25 1 0 -0.398624  -2.149344 1.524375
26 1 0 -2.363525  -2.172132 2.856913
27 1 0 -2.219342 0.919875 2.868823
28 1 0 -4.568776 -1.000672 3.271175
29 1 0 -4.623300 0.744336 3.490873
30 1 0 -4.052167 1.075247 1.059495
31 1 0 -3.999489 -0.662142 0.827571
32 1 0 -6.421250 -0.823223 1.494856
33 1 0 -6.472498 0.916339 1.725244
34 1 0 -7.411834 0.297512  -0.512550
35 1 0 -5.943793 1.262530 -0.725226
36 1 0 -5.889798 -0.489126 -0.956657
37 1 0 -1.221754 -0.761578 6.960539
38 1 0 -0.664104 0.917095 7.174070
39 1 0 -2.414153 0.525900 7.146285
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Structure 5-12 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.458198
3 6 0 1.414551 0.000000 2.046671
4 6 0 2.241743 1.060719 1.358915
5 6 0 1.950446 1.451714 0.110785
6 6 0 0.849405 0.828686 -0.667546
7 8 0 0.713277 0.996905 -1.863903
8 8 0 1.997627 -1.303882 1.878347
9 6 0 -0.800877  -1.202199 1.875406
10 6 0 -1.912272  -1.206932 2.622660
11 6 0 -2.649933 -0.025653 3.200173
12 8 0 -2.536320 -0.069591 4.667581
13 6 0 -4.151695 -0.054124 2.904064
14 6 0 -4.481451 0.127230 1.414909
15 6 0 -5.991794 0.121094 1.136801
16 6 0 -6.329418 0.306576  -0.348233
17 6 0 -1.431696 0.472927 5.226108
18 8 0 -0.547498 1.029512 4.596418
19 6 0 -1.434749 0.288509 6.726163
20 1 0 -0.471444 0.927496 1.790293
21 1 0 1.304964 0.235386 3.111614
22 1 0 3.101534 1.473998 1.885216
23 1 0 2.540469 2.184920 -0.431022
24 1 0 2.867090 -1.308690 2.309116
25 1 0 -0.398409 -2.149388 1.524727
26 1 0 -2.364048 -2.172090 2.856090
27 1 0 -2.220207 0.919939 2.867350
28 1 0 -4.569356 -1.000755 3.270454
29 1 0 -4.624157 0.744366 3.489145
30 1 0 -4.052751 1.073907 1.057586
31 1 0 -3.999997 -0.663606 0.826712
32 1 0 -6.421783  -0.824471 1.493731
33 1 0 -6.473181 0.915188 1.723347
34 1 0 -7.412226 0.294817 -0.514346
35 1 0 -5.944698 1.260619 -0.727049
36 1 0 -5.889661 -0.491070 -0.957966
37 1 0 -0.664929 0.917980 7.172850
38 1 0 -2.415260 0.528055 7.145033
39 1 0 -1.223851 -0.760368 6.959780

Structure 5-13 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.464011
3 6 0 1.430244 0.000000 2.025416
4 6 0 2.227241 1.091400 1.353734
5 6 0 1.895512 1.523141 0.126721
6 6 0 0.789486 0.905948 -0.650054
7 8 0 0.612877 1.119353  -1.833381
8 8 0 2.110048 -1.257624 1.913331
9 6 0 -0.794669 -1.200977 1.888901
10 6 0 -1.937312  -1.204528 2.588327
11 6 0 -2.709383 -0.018619 3.107154
12 8 0 -2.604830 -0.015278 4.576928
13 6 0 -4.214922  -0.053767 2.815521
14 6 0 -4.604191 0.139589 1.335531
15 6 0 -4.540439 -1.117818 0.452964
16 6 0 -5.008596 -0.852339 -0.983870
17 6 0 -1.506494 0.554545 5.123298
18 8 0 -0.627178 1.101287 4.478931
19 6 0 -1.511937 0.414391 6.627702
20 1 0 -0.469005 0.927844 1.797084
21 1 0 1.348674 0.191108 3.097688
22 1 0 3.105772 1.475678 1.867914
23 1 0 2.466553 2.277308 -0.406699
24 1 0 2.309085 -1.410851 0.974362
25 1 0 -0.363811 -2.155769 1.594773
26 1 0 -2.376520 -2.170297 2.840008
27 1 0 -2.288084 0.921290 2.748564
28 1 0 -4.637197 -0.990770 3.200512
29 1 0 -4.659712 0.752177 3.410557
30 1 0 -5.632632 0.521896 1.309879
31 1 0 -3.983875 0.930403 0.891127
32 1 0 -3.519621  -1.512369 0.431052
33 1 0 -5.167551  -1.900207 0.902427
34 1 0 -6.038741 -0.476432  -1.004989
35 1 0 -4.372000 -0.108985 -1.477068
36 1 0 -4.975499 -1.766712 -1.586159
37 1 0 -2.495610 0.657561 7.036946
38 1 0 -1.291794  -0.625053 6.892694
39 1 0 -0.748593 1.063594 7.056797
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Structure 5-14 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.462973
3 6 0 1.431100 0.000000 2.024458
4 6 0 2.226220 1.093139 1.353511
5 6 0 1.893329 1.525814 0.127214
6 6 0 0.789195 0.906377 -0.650261
7 8 0 0.614132 1.117963 -1.834031
8 8 0 2.110380 -1.257468 1.910174
9 6 0 -0.795486  -1.200203 1.888924
10 6 0 -1.912628  -1.203883 2.627728
11 6 0 -2.671758 -0.017653 3.166911
12 8 0 -2.580521  -0.024448 4.634328
13 6 0 -4.161569 -0.094575 2.823641
14 6 0 -5.014326 1.081032 3.335112
15 6 0 -4.655180 2.472615 2.781156
16 6 0 -4.796465 2.610262 1.258216
17 6 0 -1.474627 0.521606 5.190470
18 8 0 -0.585726 1.061515 4.553786
19 6 0 -1.481867 0.359387 6.692521
20 1 0 -0.468775 0.928186 1.796375
21 1 0 1.350565 0.189743 3.097090
22 1 0 3.104223 1.478476 1.867850
23 1 0 2.462677 2.281904  -0.405317
24 1 0 2.305233 -1.411556 0.970454
25 1 0 -0.382829  -2.154189 1.567625
26 1 0 -2.352112  -2.169522 2.880534
27 1 0 -2.242358 0.920659 2.817453
28 1 0 -4.237671  -0.178382 1.733623
29 1 0 -4.562209 -1.030583 3.232405
30 1 0 -6.061497 0.863680 3.086134
31 1 0 -4.960462 1.106702 4.429684
32 1 0 -5.310660 3.206536 3.266644
33 1 0 -3.635628 2.747517 3.080897
34 1 0 -4.100065 1.960806 0.716978
35 1 0 -5.810736 2.352193 0.930551
36 1 0 -4.596354 3.638427 0.937938
37 1 0 -0.736581 1.021167 7.134088
38 1 0 -2.472368 0.567463 7.104160
39 1 0 -1.231338 -0.677545 6.940507

Structure 5-15 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.463979
3 6 0 1.430917 0.000000 2.024651
4 6 0 2.227056 1.092394 1.353570
5 6 0 1.895567 1.523398 0.126319
6 6 0 0.790183 0.905128 -0.650506
7 8 0 0.614426 1.117468  -1.834114
8 8 0 2.110723  -1.257329 1.911163
9 6 0 -0.793933 -1.200066 1.892980
10 6 0 -1.948859 -1.195510 2.571307
11 6 0 -2.751807 -0.004595 3.029844
12 8 0 -2.709691 0.056446 4.499229
13 6 0 -4.237461 -0.117444 2.672199
14 6 0 -4.529908 -0.139800 1.160251
15 6 0 -4.149838 1.129643 0.374905
16 6 0 -4.873819 2.404406 0.831094
17 6 0 -1.638805 0.657490 5.067168
18 8 0 -0.733925 1.179360 4_.437855
19 6 0 -1.711940 0.586491 6.574690
20 1 0 -0.468986 0.927321 1.798327
21 1 0 1.351254 0.189810 3.097545
22 1 0 3.105102 1.477419 1.868013
23 1 0 2.466044 2.277971  -0.407113
24 1 0 2.302957 -1.412354 0.971078
25 1 0 -0.348770 -2.157576 1.630845
26 1 0 -2.386752 -2.158736 2.836709
27 1 0 -2.333717 0.929258 2.655310
28 1 0 -4.631886 -1.034004 3.128287
29 1 0 -4.762211 0.715516 3.152639
30 1 0 -4.021540 -0.999257 0.706600
31 1 0 -5.605420 -0.321780 1.035287
32 1 0 -3.064876 1.287127 0.412089
33 1 0 -4.378726 0.950016  -0.682449
34 1 0 -4.611070 2.687164 1.856719
35 1 0 -4.616322 3.250698 0.185118
36 1 0 -5.962612 2.277253 0.792576
37 1 0 -0.953949 1.239406 7.007489
38 1 0 -2.706834 0.869729 6.927585
39 1 0 -1.529130 -0.443894 6.896881
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Structure 5-16 in CHCI3 solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.462672
3 6 0 1.431313 0.000000 2.023484
4 6 0 2.224985 1.095447 1.354061
5 6 0 1.890895 1.529038 0.128329
6 6 0 0.787800 0.908004  -0.649552
7 8 0 0.612907 1.119375 -1.833390
8 8 0 2.112043 -1.256206 1.904809
9 6 0 -0.791626  -1.202460 1.890691
10 6 0 -1.894093 -1.216940 2.651907
11 6 0 -2.633225 -0.030577 3.217669
12 8 0 -2.526593 -0.057697 4.684676
13 6 0 -4.131762 0.003216 2.888479
14 6 0 -4.960098 -1.206613 3.350812
15 6 0 -6.467225 -1.068020 3.063389
16 6 0 -7.180318 0.020186 3.879219
17 6 0 -1.417086 0.487341 5.235367
18 8 0 -0.528796 1.023040 4.594451
19 6 0 -1.425001 0.336387 6.738594
20 1 0 -0.468251 0.928825 1.795049
21 1 0 1.350560 0.186554 3.096564
22 1 0 3.102611 1.481237 1.868671
23 1 0 2.459050 2.286068 -0.404113
24 1 0 2.302860 -1.408488 0.963968
25 1 0 -0.382467 -2.152872 1.554414
26 1 0 -2.314300 -2.188077 2.907723
27 1 0 -2.182005 0.902692 2.881316
28 1 0 -4.532090 0.922202 3.331476
29 1 0 -4.219590 0.115608 1.800043
30 1 0 -4.598530 -2.111321 2.847901
31 1 0 -4.809195 -1.364136 4.425890
32 1 0 -6.617286  -0.880907 1.991488
33 1 0 -6.945355  -2.033363 3.271310
34 1 0 -8.256625 0.017505 3.675197
35 1 0 -7.045984  -0.142338 4.955416
36 1 0 -6.808505 1.023522 3.646169
37 1 0 -0.624620 0.938164 7.169100
38 1 0 -2.391625 0.635431 7.152115
39 1 0 -1.267111  -0.715672 6.997531

Structure 5-17 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.469579
3 6 0 1.430501 0.000000 2.022808
4 6 0 2.231272 1.085451 1.345521
5 6 0 1.896722 1.519738 0.120571
6 6 0 0.781784 0.911411  -0.650017
7 8 0 0.593084 1.134314  -1.830093
8 8 0 2.108184  -1.259796 1.922707
9 6 0 -0.807552 -1.187816 1.916997
10 6 0 -2.139908 -1.205909 2.056083
11 6 0 -3.094072 -0.071240 1.787512
12 8 0 -3.732813 0.290285 3.063776
13 6 0 -4.248501 -0.409198 0.834496
14 6 0 -3.837883 -0.606017 -0.640189
15 6 0 -3.351370 -2.015057 -1.014699
16 6 0 -2.974060 -2.129229  -2.497499
17 6 0 -3.067102 1.151705 3.868685
18 8 0 -2.002722 1.672684 3.583126
19 6 0 -3.814861 1.372065 5.163388
20 1 0 -0.475354 0.928007 1.799944
21 1 0 1.362978 0.195534 3.096963
22 1 0 3.116466 1.462224 1.853679
23 1 0 2.470194 2.271037 -0.414225
24 1 0 2.270386  -1.441411 0.981571
25 1 0 -0.240903 -2.092650 2.125914
26 1 0 -2.613925 -2.127970 2.394416
27 1 0 -2.566856 0.809810 1.420604
28 1 0 -4.782027  -1.293413 1.205920
29 1 0 -4.952337 0.428241 0.903541
30 1 0 -4.707934 -0.367570 -1.265213
31 1 0 -3.066321 0.127161  -0.909150
32 1 0 -4.141860 -2.741072 -0.778214
33 1 0 -2.485312 -2.286851 -0.402848
34 1 0 -3.823955 -1.882787 -3.145800
35 1 0 -2.650225 -3.145793 -2.747352
36 1 0 -2.154469  -1.446431 -2.746975
37 1 0 -3.748937 0.467648 5.777126
38 1 0 -3.369396 2.207501 5.703538
39 1 0 -4.873812 1.562312 4.971101
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Structure 5-18 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.450308
3 6 0 1.415349 0.000000 2.078160
4 6 0 2.328655 0.915292 1.308622
5 6 0 2.043467 1.315829 0.062515
6 6 0 0.871444 0.798323 -0.681036
7 8 0 0.696115 0.999233  -1.866902
8 8 0 2.027708 -1.280639 2.156203
9 6 0 -0.836906 -1.201334 1.830346
10 6 0 -1.480315  -1.432340 2.980227
11 6 0 -1.539870 -0.545057 4.196298
12 8 0 -1.244340  -1.348539 5.393592
13 6 0 -2.939448 0.039241 4.422083
14 6 0 -3.081517 0.944020 5.659686
15 6 0 -2.253183 2.242200 5.648385
16 6 0 -2.622372 3.225870 4.528298
17 6 0 0.029771 -1.727314 5.611538
18 8 0 0.969159  -1.419928 4.892877
19 6 0 0.147416 -2.586771 6.847395
20 1 0 -0.488187 0.932423 1.763677
21 1 0 1.298135 0.405272 3.091247
22 1 0 3.255777 1.211276 1.795409
23 1 0 2.700983 1.963406 -0.509643
24 1 0 1.762275  -1.658298 3.014838
25 1 0 -0.901147 -1.946103 1.040476
26 1 0 -2.049088 -2.357749 3.073024
27 1 0 -0.791791 0.248040 4.144825
28 1 0 -3.211851 0.584613 3.511890
29 1 0 -3.647973  -0.794057 4.501861
30 1 0 -4.143013 1.206510 5.759136
31 1 0 -2.826619 0.362805 6.553018
32 1 0 -2.393377 2.739662 6.616092
33 1 0 -1.181910 2.007649 5.592981
34 1 0 -3.685538 3.490631 4_.570596
35 1 0 -2.046349 4.153392 4.615350
36 1 0 -2.426662 2.814530 3.531778
37 1 0 -0.441487 -2.171281 7.668591
38 1 0 -0.248210 -3.584277 6.628849
39 1 0 1.195849 -2.673185 7.132564

Structure 5-19 in CHCI; solution

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X

1 8 0 0.000000 0.000000 0.000000
2 6 0 0.000000 0.000000 1.450323
3 6 0 1.415320 0.000000 2.078177
4 6 0 2.328637 0.915324 1.308688
5 6 0 2.043520 1.315767 0.062539
6 6 0 0.871540 0.798209 -0.681047
7 8 0 0.696317 0.998999  -1.866949
8 8 0 2.027698  -1.280659 2.156124
9 6 0 -0.836923 -1.201329 1.830335
10 6 0 -1.480372  -1.432335 2.980191
11 6 0 -1.539976 -0.545035 4.196252
12 8 0 -1.244457  -1.348451 5.393569
13 6 0 -2.939587 0.039218 4.421972
14 6 0 -3.081800 0.943889 5.659629
15 6 0 -2.253358 2.242000 5.648638
16 6 0 -2.622222 3.225816 4.528579
17 6 0 0.029641  -1.727265 5.611506
18 8 0 0.969020  -1.419870 4.892836
19 6 0 0.147250 -2.586781 6.847323
20 1 0 -0.488200 0.932426 1.763671
21 1 0 1.298101 0.405166 3.091301
22 1 0 3.255709 1.211363 1.795538
23 1 0 2.701051 1.963316 -0.509638
24 1 0 1.762406  -1.658306 3.014808
25 1 0 -0.901138  -1.946090 1.040453
26 1 0 -2.049164 -2.357735 3.072962
27 1 0 -0.791931 0.248095 4.144763
28 1 0 -3.211952 0.584633 3.511793
29 1 0 -3.648087 -0.794115 4.501645
30 1 0 -4.143294 1.206453 5.758909
31 1 0 -2.827127 0.362567 6.552959
32 1 0 -2.393718 2.739376 6.616368
33 1 0 -1.182095 2.007358 5.593446
34 1 0 -2.045747 4.153067 4.615527
35 1 0 -2.426852 2.814348 3.532043
36 1 0 -3.685257 3.491076 4.571021
37 1 0 1.195713 -2.673610 7.132248
38 1 0 -0.441281 -2.171046 7.668668
39 1 0 -0.248858 -3.584118 6.628884
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Structure 5-20 in CHCI; solution

0.000000
0.000000
0.000000
1.094766
1.528663
0.908805
1.122189
-1.256965
-1.199640
-1.198767
-0.008893
0.008388
-0.107259
1.182443
1.688495
0.709439
0.563513
1.098609
0.421309
0.927822
0.187852
1.480223
2.286121
-1.411225
-2.156038
-2.162899
0.929632
-0.399212
-0.936947
1.982138
1.010949
1.947871
2.625229
-0.207962
1.160467
0.426483
0.659546
-0.617942

0.000000
1.463691
2.023326
1.353087
0.127739
-0.649415
-1.832728
1.906378
1.891324
2.606255
3.111288
4.580220

1.867088
-0.404417
0.965701
1.594130
2.864242
2.747556
1.680175
3.295232
2.321896
2.407862
4.815730
4.247172
5.403243
6.186280
4.750311
7.043305
6.903328

Center Atomic Atomic
Number Number Type X

1 8 0 0.000000
2 6 0 0.000000
3 6 0 1.431680
4 6 0 2.225241
5 6 0 1.890711
6 6 0 0.786608
7 8 0 0.610105
8 8 0 2.111543
9 6 0 -0.795334
10 6 0 -1.927930
11 6 0 -2.706273
12 8 0 -2.624422
13 6 0 -4.189299
14 6 0 -5.017645
15 6 0 -5.282147
16 6 0 -6.063409
17 6 0 -1.522143
18 8 0 -0.631662
19 6 0 -1.538410
20 1 0 -0.469090
21 1 0 1.352688
22 1 0 3.103373
23 1 0 2.458555
24 1 0 2.301517
25 1 0 -0.370373
26 1 0 -2.367802
27 1 0 -2.285576
28 1 0 -4.221265
29 1 0 -4.638703
30 1 0 -4.531310
31 1 0 -5.985985
32 1 0 -4.336781
33 1 0 -5.848796
34 1 0 -5.496958
35 1 0 -6.291938
36 1 0 -7.016396
37 1 0 -2.525433
38 1 0 -1.315624
39 1 0 -0.779672

1.071566

7.075070
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CAPITULO 1T
Aislamiento y elucidacion estructural de 2(5H)-furanonas

y sustancias aromaticas.

6.1. Introduccion

Otros compuestos aislados del género Hyptis, tales como las 2(5H)-furanonas,
coloquialmente conocidos como butendlidas, estdn relacionados con las 5,6-dihidro-2H-
piran-2-onas. Las butendlidas (Figura 1) son parte de la familia de las lactonas a,f-
insaturadas con un cadena heterociclica de cuatro carbonos cominmente producidas por
hongos, bacterias, corales y plantas.! En el contexto de los productos naturales, el nombre
butenoélida se emplea habitualmente y, por lo tanto, los esqueletos de estos compuesto se
numeran como derivados del 4cido 4-hidroxibutenoico y no como furano. Las butenolidas se

pueden convertir en furanos mediante la reduccion parcial de la lactona y luego la

(oo

O

deshidratacion.?

Figura 1. La batendlida mas simple, 2-furanona.

La butendlida mas comun y de importancia bioquimica es el acido ascorbico (vitamina C) o
las karrakinas como la, 3-metil-2H-furo[2,3-c]pyran-2-ona (Figura 2), que desencadenan la
germinacion de semillas en plantas pirdfitas cuya reproduccion depende del fuego de los

incendios naturales por causa del calor o tormentas y de los provocados.’

HO
: Ho
O
- A
HO OH
Vitamina C 3-metil-2H-furo[2,3-c]pyran-2-ona

Figura 2. Butenolidas de original natural.
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De la especie H. pectinata se han aislado dos furanonas (Figura 3) denominadas como la
pectindlida G de una colecta de Barbados* y la pectinolida H, relacionada con la pectindlida

B, la cual presenta actividad antimicrobiana contra cepas de S. aureus.’

OAc OA OAc OH
c c 5 H
MO \/W — O 0
OAc
Pectinolida G Pectinodlida H

Figura 3. 2(5H)-furanonas aisladas de especies del género Hyptis.

Este tipo de compuestos también se encontraron en varios organismos de origen marino
(Figura 4). De cepas de Streptomyces sp. obtenidas de sedimentos del fondo marino y
esponjas del Mediterraneo, se han aislado butendlidas con actividad antifouling o
antiincrustante, la cual evita o ralentiza el crecimiento de percebes, algas y organismos
marinos que se adhieren al casco de las embarcaciones marinas, contra la larva de Balanus
amphitrite® y actividad moderada contra Trypanosoma brucei’, ademas se ha demostrado que
inducen la activacion de los factores de transcripcion PPARa y PPARy (los peroxisomas
proliferadores activados del receptor) los cuales modulan la expresion de muchos genes
involucrados en el metabolismo de los lipidos y la glucosa.® Se describié la actividad
antimicrobiana contra Mycobacterium smegmatis y M. tuberculosis de butenolidas aisladas

de hongos del coral Ramaria cystidiphora.>'°

La actividad citotoxica in vitro contra lineas celulares humanas y murinas de las butendlidas
ailsadas de la esponja marina Homaxinella sp.'' y la bacteria Streptoverticillium
luteoverticillatum'? se han demostrado. De Diplodia corticola se obtuvo la diplofuranilona
C cuya estructura consiste en dos butendlidas unidas.'® De la esponja marina Hippospongia
lachne se obtuvo la hipolida E que present6 actividad antiinflamatoria débil para PKCa y
PKCy y las (62)- y (6F)- neomandlidas, dos 2H-furanonas sustituidas en C-3 y C-4 derivadas

de la mandlida aislada de Luffariella variabilis, un potente antiinflamatorio que inhibe
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selectivamente la fosfolipasa A, (PLA>).!* Otra esponja marina de la cual se han obtenido
este tipo de compuestos es Aplysinopsis digitata cuyas 2H-furanonas presentaron actividad

citotoxica contra células murinas de leucemia P388."°

Ramaria cystidiophora Streptoverticillium luteoverticillatum
O OH

H — —

Ramariolida A

o

Streptomyces sp.
Homaxinella sp.

o)
=== TR
Hippospongia lachne O_o

A AN ™ N

Hippolida E HO O _o

Diplodia corticola

Aplisinoplido A

Figura 4. 2(5H)-furanonas de origen natural.
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6.2. Desarrollo experimental

6.2.1. Determinacion de constantes espectroscopicas

Los espectros de 'H y '*C RMN se registraron a una frecuencia de 400 MHz en 'H y 100
MHz en 3C, utilizando CDCl; y CD3OD como disolvente en ambos casos en un equipo
Varian VNMRS-400. Los desplazamientos quimicos (d) se expresaron en partes por millon
(ppm), utilizando como referencia interna la sefial del tetrametilsilano (TMS). Todas las
asignaciones de RMN fueron confirmadas por experimentos 2D (COSY, HSQC, HMBC).
La rotacion oOptica se obtuvo con un polarimetro modelo Perkin-Elmer 341, utilizandose
metanol como disolvente. Para el analisis de MS se empled la técnica por electrospray en un
equipo Agilent Technologies acoplado a un cromatografo de liquidos, el cual constaba de
una bomba binaria de la serie 1260 modelo G1312B9 acoplada con un espectrometro de

masas tipo triple cuadrupolo modelo Agilent 6410.

6.2.2. Material vegetal

Se utilizaron dos colectas de Hyptis pectinata obtenidas del municipio Emiliano Zapata,
estado de Veracruz, durante el 6 de diciembre del 2010 y el 22 de octubre del 2009. Un
ejemplar de estas colectas se deposito en el herbario del Instituto de Ecologia en Xalapa con
los nimeros de voucher XAL0001406 (C-1) y XAL0000286 (C-2). La planta H. monticola
fue recolectada en el Valle de Videiras, Petropolis, Rio de Janeiro, Brasil, en octubre del 2013
y un ejemplar de esta colecta se depositd en el herbario del Instituto de Biologia de la

Universidade Federal do Rio de Janeiro bajo el nimero de voucher RFA39927.

6.2.3. Extraccion del material vegetal

Hyptis pectinata: El material vegetal utilizado (2.77 kg para C-1 y 2.79 kg para C-2) se dejo
secar mediante exposicion al aire libre a temperatura ambiente y se pulveriz6 para después
proceder a su extraccion a través de una maceracion con CH>Cly. El extracto se sometid a la

eliminacion de triterpenos a través de la precipitacion utilizando metanol; para ello, el
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extracto se disolvidé en metanol agregando 50 mL por cada gramo de extracto y se dejo 12
horas a 0°C; posteriormente, se filtrd y concentrd hasta la mitad del volumen. Se repitio el

proceso, esta vez concentrando el extracto a sequedad.

Hyptis monticola: Las hojas de la planta (1.05 kg) se secaron y pulverizaron para someterse
aun proceso de maceracion con la mezcla EtOH:H>O (7:3). El extracto resultante se sometio
a particiones liquido-liquido con disolventes de polaridad creciente: hexano, CH>Cla, acetato

de etilo y n-butanol.

6.2.4. Técnicas cromatograficas

6.2.4.1. Cromatografia en columna abierta

Para el fraccionamiento primario del extracto de H. pectinata se utilizé la cromatografia en
columna abierta utilizando columnas de vidrio de diversas dimensiones empacadas con gel
de silice 60 (con tamano de particula de 0.063-0.200mm). Los extractos se adsorbieron en
gel de silice con una relacion 1:1 y la fase movil const6 de una serie de mezclas de disolventes
con el fin de modificar la polaridad, que inicid con n-hexano y se aument6 gradualmente la

polaridad hasta finalizar con metanol.

6.2.5.2. Cromatografia en capa fina (CCF)

Se utilizaron cromatoplacas de aluminio cubiertas con gel de silice 60F2s4 marca Merk. Para
detectar los constituyentes presentes en las placas se utilizo una lampara de UV a 254 nm y
356 nm y como agente cromogeno se uso sulfato cérico (12 g de sulfato cérico, 22.5 mL de

acido sulfurico y 350 g de hielo) y calentamiento para su revelado.

6.2.5.3. Cromatografia en contracorriente (HSCCC)

Se utilizé un equipo HTPrepTM Quattro CCC equipado con una bomba JASCO PU-2089s
Plus y un colector de fracciones Merck L7650 (HTPrep). El sistema de solventes fue n-

hexano-acetato de etilo-MeOH-H>O (0.8:1:0.8:1). Las dos fases se separaron y se
189



desgasificaron por sonicacion durante 5 minutos. Luego, la columna CCC se llen6 primero
con la fase estacionaria (fase inferior acuosa) y, después de ajustar la rotacion, se bombe¢ la
fase movil (fase superior orgénica). Las muestras se disolvieron en volimenes iguales de fase
y se inyectaron después de que se alcanzo6 el equilibrio hidrodinamico dentro de la columna.

La retencion de la fase estacionaria (Sf) antes de la inyeccion fue del 84.2%.

6.2.5.4. Cromatografia de liquidos de alta resolucion (CLAR)

Se realiz6 con un equipo marca Waters que contaba con una bomba modelo 600E, un detector
de UV de arreglo de diodos modelo 2996 y una valvula de recirculacion de muestra y
disolvente. El equipo estuvo adaptado a un equipo de computo que contaba con el programa
Empower 2 (Waters) para el control del cromatografo y procesamiento de los datos. Se
utilizaron disolventes grado analitico y las siguientes columnas de fase reversa y normal para

el analisis, la separacion y la purificacion de las muestras:

Cuadro 1. Columnas utilizadas en el equipo de CLAR

Tipo de columna Tamaio de particula/
dimensiones
Fase reversa
puBondapak NH» 10 pm, 3.9 x 300 mm
uBondapak NH> 10 pm, 7.8 x 300 mm
Waters Symmetry C18 5 pm, 4.6 x 250 mm
Waters Symmetry C18 7 um, 19 x 150 mm
Fase normal
pPorasil silica analitica 10 pm, 3.9 x 300 mm

Para el escalamiento del método analitico a nivel semipreparativo y preparativo, se utilizé la

siguiente formula: Fp=Fa (Ip/12)(dp*/da?)

F,=Flujo columna preparativa/semipreparativa; F,=Flujo columna analitica
l,=Longitud de columna preparativa; l,=longitud columna analitica

d,=Diametro columna preparativa; d,.=Didmetro columna analitica
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6.2.6. Fraccionamiento primario

Para el fraccionamiento primario de los extractos de H. pectinata, la muestra se adsorbio en
gel de silice en una relacion 1:1 y se aplico a una columna abierta de gel de silice en una
proporcidon 1:20 con base en el peso del material vegetal. La elucion se comenzd con n-
hexano y la polaridad se increment6 utilizando los siguientes disolventes: CH>Cl, acetona y
metanol. Los eluatos colectados se analizaron mediante CCF para determinar su similitud
cromatografica y proceder a la reunion de fracciones (Cuadro 2). De la fraccion Al5, se

obtuvieron 100 mg del acido rosmarinico (10).

Acido rosmarinico (10): solido café; p.f. 171-173 °C; RO (c 0.21 g/mL, MeOH) [a]sso
+46.7, [a]s7s +49.5, [a]s46 +58.1; ESI modo negativo m/z 359 [C1sH160s - H]; 'H RMN (400
MHz, CD;0D) 6 7.49 (d, /= 15.9 Hz, 1H, H-3), 6.23 (d,/J=15.9 Hz, 1H, H-4), 7.01 (d, J =
2.1 Hz, 1H, H-6), 6.75 (d, J = 8.3 Hz, 1H, H-9), 6.90 (dd, J = 8.3, 2.1 Hz, 1H, H-10), 5.07
(dd,/=9.8,3.3 Hz, 1H, H-1"), 3.08 (dd, J = 14.3, 3.3 Hz, 1H, H-2"), 2.91 (dd, /= 14.3, 9.8
Hz, 1H, H-2’), 6.65 (d, J=2.1 Hz, 1H, H-4"), 6.61 (d,/=8.2 Hz, 1H, H-7"), 6.75 (d, /= 8.2,
2.1 Hz, 1H, H-8"); *C RMN (100 MHz, CD3;0D) § 169.0 (C-2), 146.6 (C-3), 115.6 (C-4),
127.9 (C-5), 115.1 (C-6), 146.8 (C-7), 149.4 (C-8), 116.4 (C-9), 122.9 (C-10), 77.6 (C-1°),
38.8 (C-2’), 131.1 (C-3°), 116.2 (C-4’), 145.9 (C-5’), 144.8 (C-6’), 121.7 (C-7’), 117.5 (C-

8%), 177.5 (COOH).

Para la separacion de los constituyentes de H. monticola se utilizd la cromatografia en
contracorriente donde se analizaron once diferentes sistemas de disolventes (hexano:acetato
de etilo:MeOH:H>0) y se selecciond la proporcion 0.8:1:0.8:1. Un total de 65 fracciones se
colectaron (3 mL) durante la rotacion de la columna, posteriomente 30 fracciones de la fase

movil se colectaran con la bomba apagada.
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Cuadro 2. Fraccionamiento primario de H. pectinata

C-1 C-2
Sistema de Fracciones colectadas Sistema de elucion Fracciones
elucion colectadas
Hexano 1-4 (A1) Hexano 1 (Bl)
5-10 (A2) Hexano:CH>Cl» (8:2) 2-4 (B2)
11-12 (A3) Hexano:CH2Cl (7:3) 5-7 (B3)
Hexano:CHCl, 13-14 (A3) Hexano:CHCl, 8-14 (B4)
(7:3) 15-17 (A4) (6:4)
18-20 (AS5)
Hexano: 21-22 (AS) Hexano:CH2Cl» 15 (BS)
CH:Cl 23-28 (A6) (3:7)
(5:5)
CH:Cl 29-30 (A7) CH2CL2 16 (B6)
31-32 (AS8)
33-40 (A9)
CH2Clz:Acetona 41-43 (A9) CH>Clz:Acetona (9:1) 17-19 (B7)
(9:1) 44-46 (A10) CH>Clz:Acetona (8:2) 20-21 (B8)
47 (A11) CH>Clz:Acetona (7:3) 22 (B9)
CHClz:Acetona 48(Al11) CH2Clz:Acetona (5:5) 23-25 (B10)
(7:3) 49-52 (A12) CH>Clz:Acetona (4:6) 26-29 (B11)
Acetona 56-59 (A13) Acetona 30-35 (B12)
60-61 (A14)
Acetona:Metanol 61-64 (A14) Acetona:Metanol 36 (B13)
(7:3) (7:3) 37 (B14)
Acetona:Metanol 39 (B15)
(5:5)
Acetona:Metanol
(3:7)
Metanol 65 (A15) Metanol 40-42 (B16)
43-44 (B17)
45-57 (B18)

6.2.7. Fraccionamiento secundario

Del fraccionamiento primario del extracto de H. pectinata se seleccionaron las fracciones
A9, A12 y B8 para un segundo fraccionamiento en columna abierta. Dichas fracciones se
adsorbieron en gel de silice y se aplicaron en una columna abierta de la misma manera en
que se realiz6 el fraccionamiento primario (Cuadro 3). La elucién comenzd con n-hexano y

la polaridad se increment6 utilizando acetato de etilo y metanol. Los eluatos colectados se
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analizaron mediante CCF. A través de este procedimiento se obtuvieron la pectinolidas O

(7.1 mg, 4) y P (4.7 mg, 5) de las fracciones D7 y E5, respectivamente.

Pectinolida O (4): aceite amarillo; ORD (c 0.11 g/mL, MeOH) [a]s89 -8.2, [a]578 -8.2, []546
-10.9, [a]436 -14.5; ESI modo positivo m/z 311 [C16H2206+ H]"; 'TH RMN (400 MHz, CDCls)
06.18 (dd, J=5.8,2.0 Hz, 1H, H-3), 7.42 (dd, /= 5.8, 1.6 Hz, 1H, H-4), 5.14 (ddd, J = 4.3,
2.0, 1.6 Hz, 1H, H-5), 6.01 (dd, J=8.9, 4.3Hz, 1H, H-1"), 5.62 (dd, /= 8.9, 11.0 Hz, 1H, H-
2°),5.50 (dd,J=11.0, 8.4 Hz, 1H, H-3"), 5.46 (ddd, J=8.4,7.4,5.9 Hz, 1H, H-4"), 1.62 (m,
2H, H-5"), 1.31 (m, 2H, H-6"), 1.31 (m, 2H, H-7’), 0.90 (t, J = 6.9 Hz, 3H, H-8°), 2.02 (s,
3H, CH3CO), 2.05 (s, 3H, CH3CO); *C RMN (100 MHz, CDCls) § 172.0 (C-2), 123.5 (C-
3), 152.4 (C-4), 83.1 (C-5), 68.4 (C-1’), 135.0 (C-27), 125.2 (C-3"), 70.2 (C-4’), 34.2 (C-5"),
274 (C-6),22.5 (C-7°), 14.0 (C-8’), 170.4 (CH3CO), 169.6 (CH5CO), 21.2 (CH3CO), 20.9

(CH3CO).

Pectinolida P (5): aceite amarillo; ORD (c 0.48 g/mL, MeOH) [a]sg0 +0.2, [a]s578 0, [a]546
+0.2, [a]436 +0.8; ESI modo positivo m/z 227 [C12H1s04+ H]"; 'H RMN (400 MHz, CDCl5)
06.20 (dd,J=5.8,2.0 Hz, 1H, H-3), 7.46 (dd,J=5.8,1.5 Hz, 1H, H-4), 5.07 (ddd, J=5.4,
2.0, 1.5 Hz, 1H, H-5),4.73 (dd, J= 7.1, 5.4 Hz, 1H, H-1°), 5.72 (ddd, J=11.4, 7.1, 1.2 Hz,
1H, H-2"),5.50 (dd, /=114, 8.1, 1.2 Hz, 1H, H-3"), 4.51 (ddd, J= 8.1, 5.3, 5.2 Hz, 1H, H-
4), 1.57 (m, 2H, H-5’), 1.25 (m, 2H, H-6"), 1.25 (m, 2H, H-7’), 0.90 (t, /= 6.9 Hz, 3H, H-
8°); 3C RMN (100 MHz, CDCl3) § 172.5 (C-2), 117.0 (C-3), 138.2 (C-4), 85.2 (C-5), 68.3
(C-1°),123.1(C-2°),127.4 (C-3’), 68.1 (C-4"),37.0 (C-5"),27.4 (C-6°),23.4 (C-7"), 14.0 (C-

8%).
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Cuadro 3. Fraccionamiento secundario de las fracciones A9, A12 y BS.

A9 Al2
Sistema de  Fracciones Sistema de Fracciones Sistema de  Fracciones
elucion colectadas elucion colectadas elucion colectadas
Hexano 1 (D1) Hexano: 1-3 (E1) Hexano 1-4 (F1)
AcOEt 4-8 (E2) Hexano: 5 (F2)
(7:3) 9 (E3) AcOEt (9:1)
Hexano: 2-3 (D1) Hexano: 10-18 (E3) Hexano: 6-11 (F3)
AcOEt 4 (D2) AcOEt 19-20 (E4) AcOEt (8:2)
(7:3) 5-6 (D3) (6:4) Hexano: 12-14 (F4)
7 (D4) AcOEt (7:3)
Hexano: 8 (D5) Hexano: 21-25 (E4) Hexano: 15-19 (F5)
AcOEt 9 (D6) AcOEt 26-30 (ES) AcOEt
(6:4) 10 (D7) (5.5:4.5) (65:35)
Hexano: 11 (D8) Hexano: 31-33 (ES) Hexano: 20-24 (F6)
AcOEt 12 (D9) AcOEt 34-49 (E6) AcOEt (6:4)
(5:5) 13-14 (D10) (5:5) 50 (E7) Hexano: 25-35 (F7)
15 (D11) AcOEt
(55:45)
AcOEt 16-25 (D11) AcOEt 51-53 (E7) Hexano: 36-38 (F8)
AcOEt (5:5)
Metanol 26-30 (D12) Metanol 54 (E7) Hexano: 39-45 (F9)
AcOEt
(45:55)
Hexano: 46-57 (F10)
AcOEt (4:6)
Hexano: 58-59 (F11)
AcOEt (3:7)
AcOEt 60-66 (F12)
Metanol 67 (F13)

6.2.8. Analisis y purificacion mediante cromatografia de liquidos

Para llevar a cabo la purificacion de las fracciones 19-25, 35-38, 39-51 y 85-87 de H.
monticola se determinaron las condiciones analiticas mas adecuadas utilizando Ia
cromatografia de liquidos de alta resolucion (CLAR) en fase reversa y fase normal (cuadro
4). En el caso de las fracciones 19-25, 39-51 y 85-87 se determind que el sistema que permitia
una resolucion adecuada correspondia a una fase estacionaria amino y en una fase movil de
CH3CN:agua (8:2) para las fracciones 19-25 y 39-51, y acetonitrilo (CH3CN) para la fraccion
85-87 utilizando un flujo de 1.42 mL/min y una longitud de 320 nm para el registro del

cromatograma. Para la separacion, se inyectaron de 20 mg a 30 mg de muestra en 500 pL de
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vehiculo (CH3CN). En el caso de la fraccion 35-38, se seleccion6 una fase estacionaria de
gel de silice y una fase mévil de n-hexano:acetato de etilo (1:1) utilizando un flujo de 0.3
mL/min y una longitud de 320 nm para el registro del cromatograma. Se inyectaron 5 mg de
muestra por 20 uLL de vehiculo (acetato de etilo). La fraccion 85-87 se purifico a través de la
técnica de reciclaje durante tres ciclos (Figura 5) y se obtuvieron 2.8 mg de muestra de un
aceite amarillo palido (4.1 mg) con un ¢-13.64 min, la montecélida C (1). De la fraccion 39-
51, se obtuvieron cinco picos diferentes (Figura 6); se seleccionaron el pico 2 correspondiente
al flavonoide aromadedrina (6) (dihydrokaempferol, s6lido amarillo, 22.5 mg) con un ¢ 10.68
min y el pico 3 correspondiente al flavonoide 2,3-dihidrogosipetina (9) (s6lido amarillo, 3.1
mg) con un ¢ 14.67 min; de la fraccion 19-25 se obtuvieron tres picos (Figura 7) y se
selecciono el pico 2 correspondiente al flavonoide cartamidina (7) (s6lido amarillo, 16.9 mg)
con un #- 13.90 min y el pico 3, correspondiente al flavonoide 3-acetoxi-aromadedrina (8)
(s6lido amarillo, 2.2 mg) con ¢, 15.41 min. Para la fraccion 35-38 se obtuvieron cinco picos
(Figura 8) de los cuales se selecciono el pico 4 con un #- 24.01 min que corresponde a la

montecolida D (2) (aceite amarillo, 5.8 mg de muestra).

Para las fracciones A9 y F4 de H. pectinata se determinaron las condiciones analiticas
optimas utilizando la CLAR en fase reversa (cuadro 4). Para purificar la fraccion A9 se
seleccion6 una fase movil de CH3CN:H>O (7:3) utilizando una columna C;g, un flujo de 6.14
mL/min y una longitud de 254 nm para el registro del cromatograma, se inyectaron 25 mg de
muestra por 500 pL. de vehiculo (metanol); se obtuvieron seis picos (Figura 9) los cuales se
cortaron y colectaron por separado, se seleccionaron el pico 4 (#-22.20 min) que corresponde
a la salvigenina (11) (s6lido amarillo, 43.2 mg de muestra) y el pico 6 (z- 31.40 min) que
corresponde a la 5-hidroxi-7,4’-dimetoxiflavona (12) (s6lido amarillo palido, 26.5 mg de
muestra). En el caso de la fraccion F4, se us6 una fase movil de CH3CN:H>O (7:3) utilizando
una columna Cig utilizando un flujo de 3.07 mL/min y una longitud de 254 nm para el registro
del cromatograma, se inyectaron 25 mg de muestra por 500 pL de vehiculo (metanol). Se
obtuvieron dos picos (Figura 10) y se selecciond el pico 2 (#- 25.87 min), el cual se purificd
por la técnica de reciclaje durante nueve ciclos (Figura 11) y se obtuvo la pectinélida N (3)

(aceite amarillo, 29 mg de muestra).
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Cuadro 4. Condiciones utilizadas en CLAR para H. monticola e H. pectinata

Fase normal

Fase estacionaria: pPorasil (10 um 3.9 x
300 mm)

Fase movil: Hexano:Acetato de

etilo (5:5)

Flujo: 0.3 mL/min

Longitud de onda: 320 nm

volumen de inyeccion: 20y 10 uL
Cantidad de muesta: 1-5 mg

Fase reversa

Fase estacionaria: pBondapack NH»
-nivel analitico: 10 um 3.9 x 300 mm
-nivel preparativo: 10 pm 7.8 x 300 mm
Fase movil: CH3CN:H>O (4:1) y CH3CN.
Flujo: 0.3 mL/min (analitico) y 1.42
(preparativo).

Longitud de onda: 320 nm

volumen de inyeccion: 20 p (analitico) y
500 pL (preparativo)

Cantidad de muesta: 1 mg (analitico) y 20-
30 mg (preparativo)

Fase estacionaria: Waters Symmetry C18
-nivel analitico: 5 pm 4.6 x 250 mm
-nivel preparativo: 7 pum 19 x 300 mm y
19 x 150 mm

Fase movil: CH3CN:H2O (7:3)

Flujo: 0.3 mL/min (analitico) y 6.14 y
3.07 mL/min (preparativo).

Longitud de onda: 254 nm

volumen de inyeccion: 20 u (analitico) y
500 pL (preparativo)

Cantidad de muesta: 1 mg (analitico) y 25
mg (preparativo)
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Figura 5. Purificacion de la fraccion 85-87 a través de la técnica de reciclaje. Condiciones
cromatograficas: columna de fase reversa amino; detector de arreglo de diodos (320 nm);
fase movil: CH3CN, flujo 1.42 mL/min.
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Figura 6. CLAR a nivel preparativo de la fraccion 39-51. Condiciones cromatograficas:
columna de fase reversa amino; detector de arreglo de diodos (320 nm); fase movil:
CH3CN:H2O (4:1), flujo 1.42 mL/min.

Figura 7. CLAR a nivel preparativo de la fraccion 19-25. Condiciones cromatograficas:
columna de fase reversa amino; detector de arreglo de diodos (320 nm); fase movil:
CH3CN:H2O (4:1), flujo 1.42 mL/min.
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Figura 8. CLAR a nivel analitico de la fraccion 35-38. Condiciones cromatograficas:

columna de fase normal de gel de silice; detector de arreglo de diodos (320 nm); fase
movil: n-hexano:acetato de etilo (1:1), flujo 0.3 mL/min.
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Figura 9. CLAR a nivel analitico de la fraccion A9. Condiciones cromatograficas

columna de fase reversa Cig; detector de arreglo de diodos (254 nm); fase movil:
CH3CN:H2O (7:3), flujo 6.14 mL/min.
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Figura 10. CLAR a nivel analitico de la fraccion F4. Condiciones cromatograficas:

columna de fase reversa Cis; detector de arreglo de diodos (254 nm); fase movil:
CH3CN:H2O (7:3), flujo 3.07 mL/min.
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Figura 11. Purificacion del pico 2 de la fraccion F4 a través de la técnica de reciclaje.
Condiciones cromatograficas: columna de fase reversa Cis; detector de arreglo de diodos
(254); fase movil: fase movil: CH3CN:H2O (7:3), flujo 3.07 mL/min.

Montecdlida C (1): aceite amarillo; ORD (¢ 0.11 g/mL, MeOH) [a]sgo +15.0, [a]s78 +15.8,
[o]s46 +19.2, [a]a36 +41.7; ESI modo positivo m/z 325 [C14H2,07+ Na]™; 'H RMN (400 MHz,
CDs30D) 6 6.10 (d, J=9.6 Hz, 1H, H-3), 7.14 (dd, J = 9.6, 6.0 Hz, 1H, H-4), 4.36 (dd, J =
6.0, 2.5 Hz, 1H, H-5), 4.41 (dd, /= 9.5, 2.5 Hz, 1H, H-6), 4.05 (dd, /= 9.5, 1.2 Hz, 1H, H-
1’),3.89 (dd,J=17.6, 1.2 Hz, 1H, H-2"), 5.18 (ddd, J= 8.7, 7.6, 3.6 Hz, 1H, H-3"), 1.67 (m,
2H, H-4’), 1.35 (m, 2H, H-5"), 1.35 (m, 2H, H-6), 0.93 (t, /= 7.1 Hz, 3H, H-7°), 2.11 (s,
3H, CH3CO); *C RMN (100 MHz, CDs0D) § 173.0 (C-2), 123.1 (C-3), 147.1 (C-4), 60.1
(C-5), 80.2 (C-6), 70.1 (C-17), 72.1 (C-2"), 74.4 (C-37), 34.0 (C-4’), 28.8 (C-5"), 23.9 (C-6"),

14.3 (C-7°), 172.3 (CH5CO), 21.2 (CH3CO).

Montecolida D (2): aceite amarillo; ORD (¢ 0.29 g/mL, MeOH) [a]sso -51.4, [a]s78 -54.1,
[a]s46 -61.7, [@]a36 -110.0; ESI modo positivo m/z 387 [C1sH2609 + H]; 'H RMN (400 MHz,
CDClz) 6 6.11 (dd, J=5.7, 2.1 Hz, 1H, H-3), 7.37 (dd, /= 5.7, 1.7 Hz, 1H, H-4), 5.56 (ddd,
J=2.1,1.7,1.7Hz, 1H, H-5),4.90 (dd, /=9.9, 1.7 Hz, 1H, H-1"), 4.25 (dd, J=9.9, 1.5 Hz,

1H, H-2’), 5.06 (dd, J = 7.5, 1.5 Hz, 1H, H-3"), 5.27 (ddd, J = 8.5, 7.5, 4.4 Hz, 1H, H-4"),
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1.63 (m, 2H, H-5"), 1.32 (m, 2H, H-6"), 1.32 (m, 2H, H-7°), 0.91 (t, J = 6.8 Hz, 3H, H-8"),
2.05 (s, 3H, CH;CO), 2.05 (s, 3H, CH3CO), 1.97 (s, 3H, CH5CO); 3C RMN (100 MHz,
CDCls) § 172.6 (C-2), 122.5 (C-3), 153.4 (C-4), 81.1 (C-5), 69.2 (C-1°), 69.1 (C-2°), 72.5
(C-3%), 72.8 (C-4), 30.7 (C-5°), 27.2 (C-6"), 22.5 (C-7"), 14.0 (C-8"), 170.9 (CH3CO), 170.3

(CH;CO), 170.1 (CH;CO), 21.0 (CH3CO), 20.7 (CH3CO), 20.6 (CH3CO).

Pectinolida N (3): aceite amarillo; ORD (c 3.17 g/mL, MeOH) [a]s80 -4.3, [a]578 -4.4, [a]546
-4.6; ESI modo positivo m/z 273 [C14H1s04+ Na]*; 'TH RMN (400 MHz, CDCl3) § 6.23 (d, J
=5.3 Hz, 1H, H-3), 7.43 (d, J=5.3 Hz, 1H, H-4), 6.26 (d, /= 12.0 Hz, 1H, H-1"), 6.64 (dd,
J=12.0,9.9 Hz, 1H, H-2"), 5.65 (m, 1H, H-3"), 5.65 (m, 1H, H-4"), 1.68 (m, 2H, H-5"), 1.30
(m, 2H, H-6), 1.30 (m, 2H, H-7"), 0.89 (t, J = 6.7 Hz, 3H, H-8"), 2.05 (s, 3H, CH3CO); "*C
RMN (100 MHz, CDCl3) 6 170.6 (C-2), 119.9 (C-3), 143.5 (C-4), 150.1 (C-5), 109.1 (C-1°),
123.9 (C-2), 135.0 (C-3°), 70.0 (C-4’), 34.2 (C-5"), 27.1 (C-6’), 22.4 (C-7°), 14.0 (C-8"),

169.3 (CH3CO).

Dihydrokaempferol (6): s6lido amarillo; p.f. 247-249 °C; ORD (c 0.13 g/mL, MeOH) [a]ss9
+16.2, [a]s7s +16.9, [a]s46 +20.0; ESI modo negativo m/z 287 [C1sH1206- H]"; '"H RMN (400
MHz, CD;0D) 6 4.96 (d,J=11.6 Hz, 1H, H-2),4.52 (d,J=11.6 Hz, 1H, H-3), 591 (d, J =
2.1 Hz, 1H, H-6), 5.86 (d, /=2.1 Hz, 1H, H-8), 7.34 (d, J= 8.6 Hz, 2H, H-2’/H-6"), 6.82 (d,
J=28.6 Hz, 2 H, H-3’/H-5"); 3C RMN (100 MHz, CD3;0D) & 85.0 (C-2), 73.6 (C-3), 198.4
(C-4), 165.3 (C-5), 97.4 (C-6), 169.0 (C-7), 96.4 (C-8), 164.5 (C-9), 101.8 (C-10), 129.3 (C-

1), 130.4 (C-2%), 116.1 (C-3*), 159.2 (C-4*), 116.1 (C-5), 130.4 (C-6").

Cartamidina (7): s6lido amarillo; p.f. 179-181 °C; ORD (c 0.05 g/mL, MeOH) [a]s89 -6.0,
[a]57s -8.0, [a]s46 -8.0; ESI modo negativo m/z 287 [Ci15H1206 - H]; '"H RMN (400 MHz,

CD30OD) 6 5.33 (dd, J=12.9, 3.3 Hz, 1H, H-2), 3.11 (dd, /= 17.4, 12.9 Hz, 1H, H-3), 2.69
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(2d, J=17.4,3.3 Hz, 1H, H-3), 5.89 (s, IH, H-8), 7.31 (d, J = 8.3 Hz, 2H, H-2"/H-6"), 6.82
(d, J=8.3 Hz, 2H, H-3’/H-5"); 13C RMN (100 MHz, CD;0D) 5 80.4 (C-2), 44.0 (C-3), 197.7
(C-4), 168.7 (C-5), 168.6 (C-6), 164.9 (C-7), 96.2 (C-8), 165.4 (C-9), 103.3 (C-10), 131.1

(C-1°), 129.0 (C-2°), 116.3 (C-3"), 159.0 (C-4"), 116.3 (C-5"), 129.0 (C-6").

3-Acetoxi-aromadendrina (8): s6lido amarillo; ESI modo negativo m/z 329 [Ci17H1407 - H];
ESI modo positivo m/z 353 [C17H1407 + Na]*; 'H RMN (400 MHz, CDs0D) § 5.29 (d, J =
11.7 Hz, 1H, H-2), 5.82 (d, J=11.7 Hz, 1H, H-3), 5.95 (s, 1H, H-6), 5.95 (s, 1H, H-8), 7.33
(d, J= 8.6 Hz, 2H, H-2’/H-6"), 6.83 (d, J = 8.6 Hz, 2H, H-3’/H-5"), 1.98 (s, 3H, CH3CO) ;
3C RMN (100 MHz, CD30D) § 82.4 (C-2), 73.9 (C-3), 192.9 (C-4), 165.5 (C-5), 97.1 (C-
6), 164.2 (C-7), 98.0 (C-8), 165.9 (C-9), 101.7 (C-10), 127.9 (C-17), 130.1 (C-2"), 116.3 (C-

3°), 159.6 (C-4°), 116.3 (C-5), 130.1 (C-6), 170.9 (CH3CO), 20.2 (CH3CO).

2,3-Dihidrogosipetina (9): s6lido amarillo; p.f. 298-299 °C; ESI modo negativo m/z 319
[CisH120s - H]; '"H RMN (400 MHz, CDs0D) § 5.74 (d,J=11.7 Hz, 1H, H-2),5.19 (d, J =
11.7 Hz, 1H, H-3), 5.88 (s, 1H, H-6), 6.89 (d,J=1.9 Hz, 1H, H-2"), 6.77 (m, 1H, H-3"), 6.77
(m, H-5"); *C RMN (100 MHz, CD30D) § 73.8 (C-2), 82.3 (C-3), 193.1 (C-4), 169.6 (C-5),
96.7 (C-6), 164.0 (C-7), 165.4 (C-8), 171.1 (C-9), 102.0 (C-10), 128.4 (C-1"), 115.5 (C-2"),

146.5 (C-3°), 147.9 (C-4’), 116.2 (C-5"), 120.8 (C-6").

Salvigenina (11): sélido amarillo; p.f. 188-190 °C; EM-IE m/z 328 [CisH160s]; 'H RMN
(400 MHz, CDCIl3) 6 12.78 (s, 1H, OH), 7.87 (d, /= 8.0 Hz, 2H, H-2’/H-6"), 7.04 (d, J= 8.0
Hz, 2H, H-3°/H-5"), 6.60 (s, 1H, H-8), 6.56 (s, 1H, H-3), 3.98 (s, 3H, OCH3), 3.93 (s, 3H,

OCHs), 3.90 (s, 3H, OCH3).
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5-Hidroxi-7,4 -dimetoxiflavona (12): s6lido amarillo palido; p.f. 166-168 °C; EM-IE m/z 298
[C17H140s5]; 'H RMN (400 MHz, CDCls) & 12.81 (s, 1H, OH), 7.86 (d, J = 8.0 Hz, 2H, H-
2’/H-6"), 7.03 (d, J = 8.0 Hz, 2H, H-3’/H-5"), 6.58 (s, 1H, H-8), 6.37 (d, J = 2.5, 1H, H-6),

6.48 (d,J=2.5, 1H, H-3), 3.89 (s, 3H, OCHs), 3.88 (s, 3H, OCHz).

6.2.9. Hidrodlisis de 1a montecolida A (14) y pectinélida I (15)

La montecolida A (14; 10 mg) se disolvié en 2 mL de una mezcla de MeOH/H0 (70%), la
cual contenia 0.6 mL de una soluciéon 0.1 M de KOH. La mezcla se dejo en agitacion a
temperatura ambiente durante tres horas y pasado ese tiempo, la reaccion se acidulé con HCI
IN y se realizo una particion, por triplicado, con 4 mL de acetato de etilo. La fase organica
se seco con NaxSQOq y concentro a presion reducida. Se registré el espectro de 'H RMN del

crudo de reaccion. Se utilizo el mismo procedimiento para el compuesto 15.

6.2.10. Reaccion de acetilacion de los compuestos 1y 4

5 mg de cada compuesto por separado se disolvieron en 0.5 mL de piridina anhidra y 0.5 de
anhidrido acético (Ac20). La mezcla de reaccion se agitd durante 24 horas a temperatura
ambiente. El curso de reaccion se monitore6 mediante CCF hasta la desaparicion de la
muestra. Posteriormente, se adicionaron 5 mL de agua destilada y se realizaron tres
extracciones sucesivas con 10 mL de acetato de etilo cada una. Las fases orgénicas se
reunieron y se trataron con 10 mL de HCI 1N, seguido de su neutralizacién con una solucion
saturada de NaHCO:s. La fase organica se lavo en dos ocasiones con 5 mL de agua destilada
y se secd con NaxSOq. El crudo de reaccion se concentr6 a presion reducida y se registro el

espectro de 'H RMN de la mezcla de reaccion.

6.2.11 Ensayo de citotoxicidad

Para este bioensayo (Figura 12) se utilizaron tres lineas celulares: HCT-15 (carcinoma de
colon), MCF-7 (carcinoma de mama) y HelLa (carcinoma de cérvix). Estas lineas se

cultivaron en medio de suero bovino fetal a 37 °C bajo atmdsfera de CO2 al 5% en el aire y
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100% de humedad relativa. La preparacion del ensayo consistioé en permitir el crecimiento
celular hasta el 60-70% de confluencia. El medio se cambid para incubar las lineas durante
24 horas adicionales. Posteriormente, las células se lavaron con 5 mL de PBS y se agrego 0.3
mL de tripsina para su separacion de la caja de crecimiento; se incubo por 5 min y se
comprobo su dispersion a través de observacion por microscopio. Se agregaron 5 mL de
medio y con una camara de Neubauer se llevo a cabo el conteo celular y se calculo el volumen
necesario para tener una suspension de 10* células. De esta suspension se tomaron 190 uL y
se agregaron en las 96 cavidades de 250 uL de las microplacas de plastico con 10 uL de las
diferentes concentraciones de las muestras a analizar y los controles, cada una por triplicado.
Para las células que servirian como blanco, al tiempo inicial, se incubaron los 190 pL por 30

minutos en las condiciones de crecimiento anteriormente descritas.

La microplaca se incubo por 72 horas y, concluido el tiempo, las células se fijaron con 100
nL de écido tricloroacético (TCA) y se colocaron a 4 °C por 30 minutos. Pasado el tiempo,
se decant6 el TCA y se lavo por cuatro ocasiones con agua fria, se secaron al aire libre para
después teiiir cada pozo con 100 pL de sulforodamida B (SRB) al 0.4% en 4acido acético al
1% por 30 minutos. Se lavé el exceso de colorante con acido acético al 1% y después se llevo
a cabo un segundo secado. La SRB se solubilizé con 200 pL de Tris base 10 mM (pH 10) y
se agitod por 5 minutos. La densidad celular se determiné utilizando un lector para ELISA a
564 nm. Como control positivo se utilizo una disolucién de 4 mg/mL de vinblastina y se
realizaron 5 diluciones (2 pg/mL-0.32 pg/mL) utilizando DMSO al 10%. Para las fracciones
analizadas y los productos naturales de prueba se prepararon disoluciones en una
concentracion de 4 mg/mL y a partir de esta se hicieron 4 diluciones (20 pg/mL-0.16 pg/mL).
Los valores obtenidos en las diferentes concentraciones de prueba se promediaron y se

determind el porcentaje de crecimiento con la siguiente formula:

D. O-Células+muestra_ D. O-Células tiempo inicial

x 100

%Crecimiento =
D. O-Células+DMSO 10% D. O-Células tiempo inicial
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El porcentaje de crecimiento se graficd junto con sus respectivas concentraciones utilizando
el programa Table Curve 2D v5.01. Se consideraron activas las fracciones con una ICso < 20

png/mL y los compuestos puros con una ICso < 4 pg/mL.

Figura 12. Ensayo de citotoxicidad con el método de la SRB en la linea celular MCF-7
(carcinoma de mama). La figura muestra la toxicidad producida por diferentes controles
positivos (Clso ug/mL): vinblastina, 0.047; adriamicina, 0.644; colchicina, 0.016;
camptotecina, >0.00064; elipticina, 0.359.'6
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6.3. Resultados y discusion

6.3.1. Estudio fitoquimico

A partir del extracto hidroetanolico de H. monticola, se obtuvo un nuevo compuesto (Figura
13) que se identifico como la 6S-[1’S,2°R,3’S-trihidroxi-1’-heptenil]-5S-acetiloxi-5,6-
dihidro-piran-2-ona denominada como la montecoélida C (1), junto con un nuevo compuesto
con esqueleto de butenolida que se identificoé como la 55-[1°S,3’S,4’R-diacetiloxi-,2’S-
hidroxi-octenil]-5H-furan-2-ona y se denominé como la montecélida D (2); también, se
aislaron los flavonoides dihidrokaempferol (6), un diastereoisémero de éste, la cartamidina
(7); el derivado acetilado del dihidrokaemferol, la 3-acetoxi-aromadendrina (8) y la 2,3-
dihidrogosipetina (9) (Figura 14). Del extracto diclorometanoico de H. pectinata, se
obtuvieron tres nuevas butenolidas identificadas como la 5Z-[(2’Z)-4'S-acetiloxi-octenil]-
SH-furan-2-ona, la 5S-[(2°Z)-1’4’-diacetiloxi-octenil]-5H-furan-2-ona y la 5S-[(2°Z2)-1°4’-
hidroxi-octenil]-5H-furan-2-ona, que se denominaron como pectinoélidas N (3), O (4) y P (5),
respectivamente; ademas, se idetificaron tres sutancias aromaticas: el acido rosmarinico (10),
un fenilpropanoide abundante en la familia de las labiadas,!” y dos compuestos de tipo

flavonoide: la salvigenina (11) y la 5-hidroxi-7,4’-dimetoxiflavona (12).

Figura 13. Pirona adicional y furanonas a aisladas de la especies estudiadas.
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Figura 14. Sustancias aromaticas aisladas de las plantas analizadas.

6.3.2. Elucidacion estructural de las lactonas 1-5

A partir del pico purificado mediante la técnica de reciclaje de la fraccion de 85-87 de H.
monticola, se obtuvo un compuesto novedoso con un esqueleto de 5,6-dihidro-a-pirona que
se denomind como la montecélida C (1). Su formula molecular se determind mediante el ion
correspondiente a la molécula cationizada de m/z 325 [C14H2,07+ Na]"y que fue registrado
en electrospray en modo positivo. En el espectro de '"H RMN (Figura S1) se observa el mismo
sistema ABX para el nucleo de la 6-lactona-a,f-insaturada presente en las montecélidas A 'y
B descritas anteriormente (véase Capitulo I). Las sefiales de los protones vinilicos del doble
enlace conjugado al carbonilo de la pirona se observan con un doblete para H-3 (8 6.10, J =
9.6 Hz) y un doblete de dobletes para H-4 (6 7.14, J= 9.6, 6.0 Hz), el desplazamiento de H-
4 es caracteristico para un metino B enlazado a un croméforo de carbonilo o,B-insaturado. '
El desplazamiento para H-5 se encuentra en du 4.36 debido a que en esta posicion estd unido
a un grupo hidroxilo; la constante de acoplamiento (°J ) entre H-5 y H-6 es de 2.5 Hz lo
que indica la posicion ecuatiorial para H-5 y la posicion axial de H-6, dejando una

configuracion pseudoecuatorial para la cadena lateral unida a C-6. Al igual que H-5, los
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protones unidos a las posiciones C-1" (6u 4.05) y C-2’ (6u 3.89) se encuentran unidos a un
grupo hidroxilo y que provoca que su desplazamiento quimico se localice a campos mas altos
que cuando se encuentran sustituidos por grupos acetoxilo, como es el caso de la posicion C-
3’ (0u 5.18) que presenta una multiplicidad de doblete de doblete de dobletes debido a su
acoplamiento con H-2’y el metileno de la posicion C-4’ y, por lo tanto, en este carbono se
encuentra el Gnico grupo acetoxilo sustituyente (du 2.11) presente en la molécula. A través
del espectro bidimensional HMBC, se corroborro la correlacion entre el carbonilo del grupo

acetoxilo sustituyente (6c 172.28) y H-3".

El espectro de '*C RMN (Figura S2) puso de manifiesto las cinco sefiales correspondientes a
carbonos base de oxigeno que presenta la molécula posicionados entre 60 y 80 ppm, ademas
de los dos carbonos vinilicos correspondientes a C-3 y C-4 (3¢ 123.12 y 147.09) y el
carbonilo correspondiente a la lactona (6c 172.97); ademés se observan tres metilenos a
campo alto correspondientes a la cadena de heptenilo y al grupo CH3 (6¢ 21.16) del radical
acetoxilo. Todas las asignaciones se corroboraron a través de los espectros bidimensionales
COSY, HSQC (Figura S3 y S4). Para determinar la configuracion absoluta de todos los
centros quirales del compuesto 1, se recurri6 a la correlacion quimica mediante la
derivatizacion por peracetilacion (Figura 15). El anélisis del espectro de 'H RMN permitié
concluir que este derivado correspondia a la montecélida A (11) cuya configuracion absoluta
se determind en su totalidad mediante correlacion quimica con la pectindlida A'® (12) (véase
Capitulo 1). Por lo tanto, se determind que la configuracion absoluta para los centros quirales

de la montecoélida C (1) son 5°S, 6°S, 1’S, 2’Ry 3°S.

o 9 KOH
Al A
H,0/MeOH Qhe Qhe
> —» ©
. ; Ac,0 y - H
H H LS H H OAc OAc
OAc OH OAc Piridina OAc OAc OAc a4
montecolida B (13) montecolida A (11)
ACZO
m-CPBA T ’F*,i"rfdci’na Piridina
o CH2C|2 (]
o OA OAc OAc
C B
I o ,
L. OH OH OAc OH OAc
pectinolida A (12) . .
montecolida C (1) montecdlida D (2)

Figura 15. Correlaciones quimicas entre la pectindlida A y las montecoélidas.
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Del espectro de 'H RMN (Figura S5) del pico 4 (detectado a 320 nm) de la fraccion 38-35
de H. monticola, se identificaron un par de sefiales doblete de dobletes (6u 7.37 y 6.11) que
pertenecen a los protones vinilicos H-3 y H-4 (/34 = 5.7) de una 2(5H)-furanona y cuya
formula molecular corresponde a CisHosO9 y se determiné a través del cation de m/z 409
[CisH2609 + Na] " registrado en electrospray en modo positivo. Se observan cinco carbonos
bases de oxigeno en el espectro de '*C RMN (Figura S6), uno perteneciente a la posicion C-
5 (6 81.12) y el resto a posiciones sustituidas en la cadena de octilo unida al anillo. Se
determino la presencia de tres grupos acetoxilo a través de los tres singuletes (ou 2.05, 2.05
y 1.97) observados en el espectro de RMN protonica junto con sus sefiales correspondientes
a sus respectivos carbonilos (6c 170.93, 170.32 y 170.13) en el espectro de RMN C-13, estas
tres unidades se encuentran unidas a las posiciones C-1’, C-3’ y C-5 lo cual se determiné a
partir del espectro bidimensional HMBC, ademds de quedar en evidencia a partir del
desplazamiento quimico de estas sefiales (du 4.90-5.56). La posicion C-2° se encuentra
sustituida por un grupo hidroxilo. Al igual que con la montecoélida C (1), para determinar por
completo la configuracion absoluta de la molécula se realizé una correlacién quimica con la
montecolida A (11) a través de la hidrolisis de ésta y la acetilacion de la montecolida D (2)
para generar el mismo producto en ambas reacciones, la butenodlida 14 (Figura 15). Estos
resultados permitieron determinar que la configuracion absoluta de la montecolida D (2)

corresponde a 58, 1’S, 2°S, 3’R, 4°S.

—

o)\
Figura 16. Mecanismo para la apertura de la 6-lactona y formacion de la 2(5H)-furanona.
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El mecanismo de reaccion (Figura 16) para entender esta correlacion quimica involucra la
apertura de la §-lactona-a,B-insaturada por accion de la base ("OH) con la concomitante
transesterificacion del residuo de acetato de la posicion C-5 -correspondiente al anillo de 6-
lactona original- al grupo hidroxilo resultante de la apertura de la lactona (posicion C-6 de la
d-lactona) y la relactonizacion a un ciclo de cinco miembros por ataque del hidroxilo alilico
(C-5) que corresponde al producto cinético desplazando el equilibrio hacia la 2(5H)-

furanona.!®

La nueva pectindlida N (3) se obtuvo de las fracciones menos polares del fraccionamiento
secundario de H. pectinata.’® La formula C14Hs04 se determind a partir del cation de m/z
273 obtenido por electrospray ([Ci14aHisO4+Na]") y la estructura se determiné a partir del
analisis de los espectros de 'TH RMN y 3C RMN (Cuadro 5 y 6, Figura S9 y S10). En el
espectro de 3C RMN (Figura S10) se observa dos sefiales de carbonilo (8¢ 169.32 y 170.65),
seis sefiales para protones vinilicos (110-150 ppm), una sefal base de oxigeno (¢ 70.05) y
cinco sefales para protones alifaticos (14-35 ppm). Al comparar las sefiales de este espectro
con las descritas para la pectindlida G* (Figura 4), se encontrd que las sefiales
correspondientes a las posiciones C-2° a C-4’ eran similares, lo que llevo a proponer la

estructura de este compuesto como una 2(5H)- furanona.

A través del espectro de 'H RMN (Figura S9) se observa una sefial correspondiente a un
grupo O-acetilo (du 5.65), el cual correspondia con una de las senales de carbonilo (d¢
169.32) y la sefial base de oxigeno observada (8¢ 70.05) en el espectro de *°C RMN; ademas,
se observan las sefiales correspondientes a la doble ligadura del anillo adyacente al carbonilo
(6.23 ppm y 7.43 ppm) los cuales se muestran como dobletes (J = 5.3 Hz), al igual que el
proton en la posicion C-1" (dy 6.26, J = 12.0 Hz). El proton de la posicion C-2” (dn 6.64) se
presenta como un doblete de dobletes. Los protones oleofinicos de la cadena latera C-2’ y
C3’ presentan una constante de acoplamiento de 9.9 Hz que establecid la geometria para este
doble enlace como Z, en el caso del doble enlace entre C-5 y C-1 se corrobor6 la geometria
Z através de la correlacion entre H-1" y H-4 observada en el espectro bidimensional NOESY.
La comparacion de este espectro también mostro cierta similitud con el espectro de 'H RMN
de la pectinodlida G. Las senales correspondientes a los protones alifaticos de la cadena lateral
(H-5" a H-8’) muestran el mismo patron que las sefales para estos protones en las 5,6-

dihidro-a-pironas. El resumen de los desplazamientos quimicos y constantes de acoplamiento
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se incluyen en el Cuadro 5 y 6. Para la determinacién de la configuracion absoluta de la
posiciéon C-4’, se considerd que debe ser la misma configuracion S de la pectinodlida A,
compuesto que se encuentra de forma mayoritaria en estas plantas, la cual debe ser precursor

biosintético de esta furanona.

De las fracciones secundarias D7 y ES5, se obtuvieron dos nuevas 2(5H)-furanonas: la
pectinodlida O (4) y su derivado desacetilado, la pectinolida P (5), cuyas féormulas moleculares
Ci6H2206 y C12H1804, respectivamente, se determinaron a partir de cationes de m/z 333
[Ci6H2206+Na]"y m/z 249 [C12H1304+Na]" obtenidos por electrospray. Al igual que para la
montecélida D (2), en el espectro de 'H RMN (Figura S11y S13) se observa el par de doblete
de dobletes correspondiente a los protones vinilicos H-3 y H-4 con una J = 11.0 Hz para
ambos compuestos y que corresponde a un doble enlace cis que se encuentra ubicado en la
cadena unida a la posiciéon C-5 de la furanona. Asi, las cuatro sefales en el espectro de '*C
RMN (Figura S12 y S14) ubicadas entre 152.53 y 116.96 ppm corroboran la presencia de
dos dobles enlaces. La presencia de tres carbonos base de oxigeno corresponden a las
posiciones C-5 de anillo y a las posiciones C-1" y C-4’ de la cadena de octilo. La ausencia de
sefiales correspondientes a grupos acetoxilos en el espectro de 'H RMN, en & 2.02 y 2.05
para la pectindlida O (4), junto con la diferencia en la masa (CH2CO x 2 = 84 uma) entre
ambos compuestos confirm6 que la pectindlida P (5) esta sustituida en C-1"y C-3’ por grupos
hidroxilos. Para determinar la configuracion absoluta de los centros quirales de ambas
pectindlidas P (5) y O (4) se utiliz6 la correlacion quimica con la pectinélida I (15) (Figura
17) cuya configuracion se determind mediante el efecto cotton positivo en la curva ECD
(4389 +1.32) para la posicion C-6 (S), con la constante de acoplamiento entre (H-5 y H-6
Jsec,6 = 2.5) para la posicion C-5 (S) y a través de la derivatizacion con ésteres de mosher y
la comparacion de las constantes de acoplamiento tedricas con las experimentales a través de
calculos DFT para la posicion C-3’ (véase Capitulo I). A partir de la hidrolisis alcalina de la
pectinolida I (15) se obtuvo la pectindlida P (5) cuya acetilacion total permitio la formacion
de la pectinolida O (4). Por lo tanto, la asignacion de la configuracion absoluta para ambos
compuestos es: 55, 1’S, 4’S. En el Cuadro 5 y 6 se presentan los valores de desplazamiento
quimico y las constantes de acoplamiento para los compuestos inéditos en la literaura de

Hyptis, una 5,6-dihidro-piran-2-ona (1) y cuatro 2(5H)-furanona (2-5).
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Figura 17. Correlacion quimica entre la pectindlida I (15) y las 2(5H)-furanonas.

Cuadro 5. Valores de '"H RMN para los productos naturales 1-5 (400 MHz en CDCl3 y CD3:0D?, 6 en

ppm, J en Hz)

12 2 3 4 5
Posicion
3 6.10d (9.6) 6.11dd (5.7, 6.23d(5.3) 6.18dd (5.8,2.0) 6.20dd (5.8,2.0)
2.1)
4 7.14 dd (9.6, 7.37 dd (5.7, 7.43 d (5.3) 7.42dd (5.8,1.6) 7.46dd (5.8,1.5)
6.0) 1.7)
5 4.36 dd (6.0, 5.56 ddd (2.1, - 5.14 ddd (4.3, 5.07 ddd (5.4,
2.5) 1.7, 1.7) 2.0, 1.6) 2.0, 1.5)
6 4.41dd (9.5, - - - -
2.5)
1’ 4.05dd (9.5, 4.90 dd (9.9, 6.26d(12.0) 6.01dd(8.9,4.3) 4.73dd (7.1,5.4)
1.2) 1.7)
2’ 3.89dd (7.6, 4.25dd (9.9, 6.64 dd (12.0, 5.62dd (8.9, 5.72ddd (11.4,
1.2) 1.5) 9.9) 11.0) 7.1, 1.2)
3 5.18 ddd (8.7, 5.06dd (7.5, 5.65m 5.50 dd(11.0, 5.50ddd (11.4,
7.6, 3.6) 1.5) 8.4) 8.1, 1.2)
4 1.67 m 5.27 ddd (8.5, 5.65m 5.46 ddd (8.4, 4.51 ddd (8.1,
7.5,4.4) 7.4,5.9) 5.3,5.2)
5 1.35m 1.63 m 1.68 m 1.62m 1.57m
6’ 1.35m 1.32 m 1.30 m 1.31m 1.25m
7’ 0.93t(7.1) 1.32 m 1.30 m 1.31m 1.25m
8’ - 0.91t(6.8) 0.89 t (6.7) 0.901(6.9) 0.90t(6.9)
CH3CO- 2.11s 2.05s 2.05s 2.02s -
CH;CO- - 2.05s - 2.05s -
CHsCO- - 1.97s - - -

El potencial citotoxico de las 2(5H)-furanonas aisladas como productos naturales se
determino sobre tres lineas celulares: HCT-116 (carcinoma de colon), MCF-7 (carcinoma
de mama) y HeLa (carcinoma de cérvix). De los resultados obtenidos (cuadro 7) se observa
que solo los compuestos 2 y 4 presentaron actividad citotdxica débil para la linea celular de
HeLa y de HCT-116, a diferencia de las 5,6-dihidro-a-pironas, cuya alta actividad citotoxica
asociada al anillo 6-lactona-a,B-insaturada ha sido demostrada en diversas ocasiones (véase

Capitulo 1).21:2
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Cuadro 6. Valores de 3*C RMN para los productos naturales 1-5 (100 MHz en CDClz y CD3OD?, §

2 172.97 172.58 170.65 172.04 172.54
3 123.12 122.46 119.91 123.53 116.96
4 147.09 153.38 143.50 152.37 138.25
5 60.09 81.12 150.11 83.06 85.17
6 80.23 - - - -
1 70.14 69.24 109.11 68.36 68.28
2’ 72.07 69.13 123.86 135.01 123.09
¥ 74.44 72.53 135.05 125.25 127.48
4 34.04 72.85 70.05 70.21 68.09
5 28.85 30.67 34.17 34.25 37.00
6’ 23.88 27.22 27.14 27.36 27.37
k 14.34 22.53 22.44 22.53 23.39
8 - 14.03 13.94 13.95 13.98
CH;CO- 172.28 170.93 169.32 170.35 -
CH3;CO- - 170.32 - 169.64 -
CH;CO- - 170.13 - - -
CH3CO- - - - - -
CHsCO- 21.16 21.03 21.23 21.18 -
CHsCO- - 20.69 - 20.89 -
CHsCO- - 20.62 - - -

Cuadro 7. Citotoxicidad de las 2(SH)-furanonas aisladas de H.

pectinata e H. monticola

ICso (pg/mL)
Compuesto MCF-7 HeLa HCT-116
2 15.96 13.10 19.79
3 24.90 21.25 1.87
4 10.39 2.04 4.76
5 22.98 22.66 >25
Colchicina 0.0041 0.0045 0.08

MCEF-7 = carcinoma de mama; HelLa = carcinoma de cérvix, HCT-116 = carcinoma de
colon.

6.3.3. Elucidacion estructural de las sustancias aromaticas

Del pico 2 de las fracciones 39-51 y 19-25 de H. monticola obtenidas por CLAR se
obtuvieron dos compuestos con estructura flavonoide que fueron identificados como el
dihidrokaempferol (6) y la cartamidina (7), compuesto previamente descritos en la literatura.

El dihidrokaempferol (6) se aisl6 originalmente de la madera de Pinus sibirica® y también
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ha sido descrito en los frutos de Faidherbia albida®* y en la madera de Pseudotsuga
menziesii*>; 1a cartamidina (7) se ha identificado en especies del género Carthamus®® y en las
raices de Enkleia siamensis.>’ La estructura de estos compuesto se asign6 a través de 'H RMN
y 3C RMN (Figuras S15-S18), los espectros bidimensionales COSY, HSQC y HMBC, junto

con los espectros de masas registrados mediante electrospray en modo negativo.

Para el caso del dihidrokaempferol (6), su formula molecular se determin6 como CisH120¢ a
través del ion correspondiente a la molécula desprotonada de m/z 287 [M — H] registrado en
electrospray en modo negativo. En el espectro de 'TH RMN se observa un sistema A,B;
indicativo de una sustitucion para del anillo aromatico B, encontrandose dos dobletes entre
6.82 ppm (H-3’ y H-5") y 7.34 ppm (H-2’ y H- 6’) con una constante de acoplamiento de 8.6
Hz, correspondiente a una sustitucion orto. Se observan dos carbonos base de oxigeno en las
posiciones C-2 y C-3 cuyos desplazamientos quimicos en '*C RMN se encuentran en dc
84.96 y oc 73.62, respectivamente. Se observan dos protones en 6u 5.86 y du 5.91 con una
constante de acoplamiento de 2.1 Hz relacionada con una sustitucién meta en las posiciones
C-6 y C-8. Todas las asignaciones en los anillos aromaticos se corroboraron a través del

espectro HMBC.

La cartamidina (7), un isomero del dihidrokaempferol, se identificé a través de los espectros
de "TH RMN y '3C RMN (Figura S17 y S18). Se observa que el grupo hidroxilo de la posicion
C-3 presente en el dihidrokaempferol ahora se encuentra en la posicion C-6 (oc 168.62) del
anillo aromatico; la posicion C-3 presenta un carbono alifatico (6c 44.00) con dos protones
(01 3.11 y 2.69) con una constante de acoplamiento geminal de 17.4 Hz y constantes de 12.9
Hz y 3.1 Hz que se acoplan con el proton de la posicion C-2 que corresponde a una base de
oxigeno cuyo desplazamiento en '*C RMN es de 8¢ 80.45; el tnico proton (H-8) presente en
el anillo A del flavonoide tiene un desplazamiento de ou 5.89, el anillo B de la molécula

muestra el mismo sistema A2B> que el dihidrokaempferol (6).

Del pico 3 de la fraccion 19-25 de H. monticola obtenido por CLAR se aisl6 el derivado
acetilado en la posicion C-3 del dihidrokaempferol (6), denominado como la 3-acetoxi-
aromadendrina (8), este flavanolol trihidroxilado se aislo previamente del extracto lipofilico

de las hojas de Siparuna andina y mostré una moderada actividad antiplasmédica in vitro.*®
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Su férmula molecular se determiné como Ci7H1407 a través del ion correspondiente de m/z
353 [M + Na]*registrado en electrospray en modo positivo (Figura 18); ademas en el espectro
de masas, se observa el pico correspondiente a la molécula protonada (m/z 331 [M + H]"), asi
como la eliminacion subsecuente de una molécula de acido acético (m/z 271) y la pérdida de
una molécula de CO (m/z 243). El pico de m/z 153 es el resultado de la fragmentacion de la
molécula desacetilada protonada a través de una reaccion tipo retro diels alder (RDA) (Figura
19), caracteristica de los flavonoides.?’ A partir de este pico se puede corroborar la sustitucion
en el anillo A del flavanolol, que al igual que el dihidrokaempferol (6), presenta dos
hidroxilos en posicion meta. La estructura se asignd a través del anélisis espectroscopico en
la RMN 'H y 3C (Figuras S19-S20) y los espectros bidimensionales HSQC y HMBC. En el
espectro de 'H RMN se observa un sistema A;B; para el anillo B, los protones H-2 (8u 5.29)
y H-3 (du 5.82) presentan una constante de acoplamiento de 11.7 Hz que indica que los
protones se encuentran en posicion cis, ademds se observa un singulete en ouy 1.98
perteneciente al CH3 del grupo acetoxilo (d¢c 170.89) unido a la posicion C-3 (8¢ 73.90); los

H-6 y H-8 del anillo A se observan como un singulete (du 5.95) que intregra para dos

protones.
x10°
7 RDA 243 [M +H-HOCOCH;— COJ*
15 193 271 [M + H—-HOCOCH;|*
- 293 [M + Na — HOCOCH3;]*
1 353 [M + NaJ*
[M + H]
0.5 331
u.l- ok - LIJl ] ..-L " I} N .‘L"'!"| y - L - J
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Figura 18. Espectro de masas mediante (+)-ESI de la 3-acetoxi-aromadendrina (8).
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Figura 19. Fragmentacion en (+)-electroespray de la 3-acetoxi-aromadendrina (8).

A partir del pico 3 de la fraccion 39-51, se obtuvo el flavanolol 2,3-dihidrogosipetina (9) ,
cuya formula molecular se determiné como Ci5H120sg a través del ion correspondiente a la
molécula desprotonada de m/z 319 [M — H]™ registrado en electrospray en modo negativo.
Este flavanolol se aisl6 anteriormente a través de la hidroxilacion de la taxifolina usando la
proteina taxifolin 8-monooxigenasa de Pseudomonas sp. en la presencia de NADH y
NADPH.* El derivado metoxilado en las posiciones C-7 y C-8 se aisl6 de la planta Erica
cinerea.’' La asignacion de la estructura se obtuvo mediante el analisis espectroscopico en la
RMN 'H y *C (Figura S21 y S22), junto con los espectros bidimensionales COSY, HSQC y
HMBC para asignar correctamente los desplazamientos quimicos. Para el anillo B se
observan dos sefales: un doblete para el proton H-2’ (6u 6.89) con una J = 1.9 Hz que indica
un acoplamiento en meta y una sefial con multiplicidad compleja para los protones H-5" y H-
6’ (0n 6.77). Dos carbonos base de oxigeno (¢ 73.82 y 82.26) observados en el espectro de
13C RMN corresponde a las posiciones C-2 y C-3 sustituida con un grupo hidroxilo. Para el
anillo A se observa unicamente una sefal para el proton H-6, el cual en el espectro de HMBC
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presentd una correlacion con todos los carbonos del anillo a excepcion de C-9 (6c 171.11)
que se encuentra en posicion para respecto a C-6 y que se identifico a partir de su correlacion

con H-2 por HMBC, esto permitid descartar que el proton se encontrara en la posicion C-8.

De la fraccion AS obtenida del fraccionamiento primario de un extracto H. pectinata eluida
con metanol por columna abierta se identifico al acido rosmarinico (10), un éster entre el
acido cafeico y el 4acido 3,4-dihidroxifenilactico, se aisld originalmente de la planta
Rosmarinus officinalis; sin embargo, se ha encontrado en plantas de las familias
Boraginaceae y Lamiaceae, en particular en la subfamilia Nepetoidae;*? dentro del género
Hyptis, se aislo de una colecta brasilefia de H. pectinata.®® La asignacion de la estructura de
este compuesto se obtuvo por 'H y '*C RMN (Figura S23 y S24) junto con los espectros
bidimensionales COSY, HSQC y HMBC para asignar correctamente las correlaciones entre
los 4&tomos de la molécula; ambos anillos aromaticos presentes en la estructura cuentan con
tres protones, uno de ellos con una constante acoplamiento de 8.2 Hz (H-9 y H-7°)
correspondiente a un acoplamiento en posicion orto, otro con una constante de acoplamiento
de 2.1 Hz (H-6 y H-4") que corresponde a un acoplamiento en posicién meta y, finalmente,
un protébn que cuenta con constantes para acoplamientos ofro y meta (H-10 y H-1"), la
correlacion entre los protones de los anillos aromaticos se confirmo a través del espectro
COSY. En 6.23 ppmy 7.49 ppm se observan dos protones con una constante de acoplamiento
de 15.9 Hz que indica que se trata de un doble enlace trans unido a uno de los anillos
aromaticos y al carbonilo (dc 169.04), lo cual se confirmd por el espectro HMBC. Esta parte
corresponde al acido cafeico. Unido al segundo anillo aromdtico se encuentras dos carbonos
alifaticos, uno de ellos en 6c 38.76 posee dos protones con una constante geminal (J=17.1
Hz) en 6u 2.91 y 3.08. El carbono vecinal se encuentra unido al oxigeno del carbonilo (6c
77.56) y las constantes de acoplamiento de sus protones (9.7 Hz y 3.3 Hz) corresponden a
los protones en duy 2.91 y 3.08, respectivamente. El espectro de masas obtenido por
electrospray en modo negativo confirma la estructura a través del aniéon de la molécula
desprotonada de m/z 359 [Ci7Hi60s — H]. En los Cuadros 8 y 9 se resumen los

desplazamientos y constantes de acoplamiento de los compuestos obtenidos.

Del pico 4 de la fraccién A9 del extracto de H. pectinata se obtuvo la salvigenina® (5-hidroxi-

4’ 6,7 trimetoxiflavona) (11), flavonoide ampliamente distribuido en la familia Lamiaceae®*
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y aislado originalmente de Salvia officinalis.>> Su formula molecular se determind como
CisH16Os a partir del ion radical obtenido por impacto electronico con una m/z 328. En el
espectro de 'H-RMN se encontrd un singulete en 8¢ 12.78 correspondiente a un OH en C-5
cuyo desplazamiento a campo bajo se debe a que se encuentra quelatado con el oxigeno del
carbonilo en C-4, el singulete en ou 6.60 corresponde al proton en la posicion 8; los tres
singuletes presentes entre dn 3.90-3.98 corresponden a los grupos metoxilo presentes en la
molécula en las posiciones C-7, C-6 y C-4’ y la sefial en du 6.56 pertenece al protdn vinilico
H-3; se encuentran dos dobletes en & 7.04 (H-3°/H-5") y du 7.86 (H-2’/H-6’) que integran
para dos protones cada uno y con una constante de acoplamiento de 8.0 Hz. Estas sefiales son
indicativas de un sistema A>B> donde las sustituciones se encuentran en posicion para. En el
caso de la 5-hidroxi-7,4’-dimetoxiflavona (11), otra flavona aislada de la familia

Lamiaceae>®

, su ion radical observado por impacto electronico con una m/z 298 corresponde
a la formula molecular C17H140s. La diferencia entre este flavonoide y la salvigenina es de
30 unidades de masa, correspondiente a un grupo metoxilo. A través del espectro de 'TH-RMN
se corrobora la presencia de solo dos grupos metoxilo (du 3.90 y 3.88), ademads se observa el
mismo sistema A;B; para las posiciones H-2’/H-6" y H-3’/H-5" junto con un singulete en on
6.48 perteneciente a H-3 y el singulete para el grupo hidroxilo en C-5. En el caso de este

compuesto, se presentan dos dobletes (du 6.37 y 6.58) con una constante de acoplamiento

meta (2.5 Hz) para los protones H-6 y H-8.
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Cuadro 8. Valores de 'H RMN para los productos naturales 6-10 (400 MHz CD3OD , 6 en ppm, J en Hz).

Posicion
2

3

_—\o L I N U A

29

3°
4°
5°
6’
7’
8’

CHsCO

6

4.96d (11.6)

4.52d(11.6)

591d(2.1)

5.86d(2.1)

7.34d (8.6)

6.82 d (8.6)

6.82 d (8.6)
7.34d (8.6)

7

5.33 dd (12.9,

3.3)

3.11dd (17.4,

12.9)

2.69 dd (17.4,

3.3)

7.31d(8.3)

6.82d (8.3)

6.82d (8.3)
731d(8.3)

8

529d(11.7)

5.82d(11.7)

595s

595s

7.33d (8.6)

6.83 d (8.6)

6.83 d (8.6)
7.33d (8.6)

9
5.74d(11.7)

5.19d(11.7)

6.89d (1.9)

6.77 m
6.77 m

10

7.49 d (15.9)

6.23 d (15.9)

7.01d(2.1)

6.75d (8.2)
6.90 dd (8.2,
2.1)
5.07dd (9.8,
3.3)
3.08 dd (14.3,
3.3)
2.91dd (143,
9.8)

6.65d (2.1)

6.61 dd (8.2)
6.75 dd (8.2,
2.1)

169.04
146.65
115.59
127.95
115.06
146.77
149.38
116.43
122.91
77.56

38.76

131.08
116.16
145.95
144.81
121.72
117.46

177.53
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La importancia de los flavonoides y los conjugados del acido cafeico, como el 4cido
rosmarinico (10), confiere una importancia farmacologica a las especies de Hyptis utilizadas
en la medicina tradicional, como desinfectantes y calmantes de las irritaciones de las mucosas
estomacales. Esta consideracion se fundamenta principalmente por la actividad
antibacteriana demostrada por algunos flavonoides.?” Sin embargo, la actividad antioxidante
de los flavonoides y sus metabolitos —4cidos fenolicos- ha recibido la mayor atencién por
parte de la investigacion farmacogndstica, debido a su capacidad para reducir la formacion
de radicales libres y a neutralizar a los radicales libres in vivo. Este propiedad se evidencio
experimentalmente por el aumento de la capacidad antioxidante del plasma através de la

138

regulacion del estrés oxidativo posprandial®® y la preservacion de los &cidos grasos

poliinsaturados de las membranas de eritrocitos.*

El metabolismo de los flavonoides de las dos especies del género Hyptis analizadas (H.
pectinata y H. monticola) se caracteriza por la oxidaciéon de las posiciones C-8 y C-3 del
nucleo bésico, rasgo que comparte con otras especies incluidas en el género y algunos

4041 Ppara la actividad

quimiotipos de Mentha, Thymus y Plectranthus, inter alia.
antimicrobiana se requiere de al menos un grupo hidroxilo en el anillo A de los flavonoides
(especialmente en C-7); la hidroxilacion de las posiciones C-5 y C-6 también contribuyen al

incremento de la actividad.*?
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6.4. Informacion suplementaria

OH OH OAc

" A t\ N ot |

T * T X T ) T i T & T T T g T T T ® T o T % T i T

7.0 6.5 6.0 55 50 4.5 4.0 3.5 30 25 2.0 1.5 1.0

Figura S1. Espectro de 'H RMN (400 MHz) de la montecélida C (1) en CD3OD.
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Figura S2. Espectro de '°C RMN (100 MHz) de la montecélida C (1) en CD;OD.
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Figura S3. Espectro bidimensional 'H-"H COSY de la montecélida C (1) en CDs;OD.
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Figura S4. Espectro bidimensional 'H-'3C HSQC de la montecolida C (1) en CD;OD.
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Figura S5. Espectro de 'H RMN (400 MHz) de la montecélida D (2) en CDCls.
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Figura S6. Espectro de >*C RMN (100 MHz) de la montecélida D (2) en CDCls.
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Figura S9. Espectro de 'H RMN (400 MHz) de la pectinélida N (3) en CDCls.
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Figura S10. Espectro de >*C RMN (100 MHz) de la pectindlida N (3) en CDCls.
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Figura S11. Espectro de 'H RMN (400 MHz) de la pectindlida O (4) en CDCls.
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Figura S12. Espectro de *C RMN (100 MHz) de la pectindlida O (4) en CDCls.
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Figura S13. Espectro de 'H RMN (400 MHz) de la pectinélida P (5) en CDCls.

1.5

1.0

235



OH OH

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figura S14. Espectro de '>*C RMN (100 MHz) de la pectindlida P (5) en CDCls.
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Figura S15. Espectro de 'H RMN (400 MHz) del dihidrokaempferol (6) en CD;OD.
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Figura S16. Espectro de >*C RMN (100 MHz) del dihidrokaempferol (6) en CD;OD.
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Figura S17. Espectro de 'H RMN (400 MHz) de cartamidina (7) en CD;OD.
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Figura S18. Espectro de >*C RMN (100 MHz) de la cartamidina (7) en CD;0D.
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Figura S19. Espectro de 'H RMN (400 MHz) de 2R,3R-acetoxi-aromadendrina (9) en CD3;OD.

241



OH
H O O oW

OAc
OH O

e A————

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
Figura S20. Espectro de '*C RMN (100 MHz) de la 2R,3R-acetoxi-aromadendrina (9) en CD;OD.

242



OH

OH
OH

H O O ‘\\\\

OH

OH O

PR ro oy mh)d N\
X ul v

WM/WW’ UJLM, T — thu e

T T T : T T T T T T T T T i T T T T T T T T T T T

6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2 6.1 6.0 59 5.8 5.7 5.6 3.5 5.4 5.3 52 51 5.0 49 48

Figura S21. Espectro de 'H RMN (400 MHz) de 2R 3R-dihidrogosipetina (8) en CD3;OD.

243



OH
OH
OH
HO O W\
OH
OH O
" L 4 f [l f
VMo PRI R n
1‘_;0 iéO 1;0 léO | 15IO | 1‘20 1&0 | 1210 | 110 | 1(l]0 | 9’0 810 7'0 | 6I0 SIO

Figura S22. Espectro de '>*C RMN (100 MHz) de la 2R,3R-dihidrogosipetina (8) en CD;OD.
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Figura S23. Espectro de 'H RMN (400 MHz) del acido rosmarinico (10) en CD3;OD.
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Figura S24. Espectro de '>*C RMN (100 MHz) del 4cido rosmarinico (10) en CD3OD.
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7. Conclusiones

1.- A partir del estudio fitoquimico del extracto diclorometandlico de la especie Hyptis
pectinata de una colecta mexicana se obtuvieron tres 5,6-dihidro-2H-piran-2-onas conocidas
(pectindlidas A-C) junto con cinco nuevas d-lactonas (pectindlidas I-M), dos de las cuales,
las pectinolidas K y J, resultaron epimeros de las pectindlidas A y C en el centro C-3" de la

cadena lateral.

o]
| 0 OR, OR;
OR,
tinélid ) R= L R,=AcRy=Ac
pectindlida K R=A 1= 2=
¢ M R,=H R,=Ac
A R1=ACR2=AC
B R1=ACR2=H
C R1:H R2:AC
| R—]:H R2:H

2.- La comparacion de las constantes de acoplamiento vecinales experimentales (*Jin) y
tedricas obtenidas a través de un protocolo de modelado molecular DFT-RMN a nivel
B3LYP/DGDZVP permitio el establecimiento de la configuracion absoluta de los centros
quirales de la cadena heptenil de las 5,6-dihidro-2H-piran-2-onas entre pares de epimeros, en
particular entre la pectindlida C y la pectinélida J. Las *Ju u por DFT fueron consistentes con
las constantes experimentales, lo cual permitié la comparacion entre epimeros utilizando el

error cuadratico medio (RMSD) como analisis estadistico.

3.- La consideracion del disolvente empleado experimentalmente en los calculos tedrico en
solucion (DFT PCM) reduce el nivel de error en los resultados obtenidos en fase gaseosa. La
comparacion entre constantes de acoplamiento vecinales en esta clase de moléculas pequefias
flexibles permite la determinacion adecuada de la configuracion absoluta que no se logra a

través de los calculos de los desplazamientos quimicos de 'H RMN y 1*C RMN.
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4.- Se aislaron tres nuevas 5(2H)-furanonas (pectindlida N-P), un fenilpropanoide, el acido
rosmarinico, y dos flavonoides descritos previamente en la familia Lamiaceae. La
butenoélidas caracterizadas se encuentran biogéneticamente relacionadas con las 5,6-dihidro-

2H-piran-2-onas como se demostré mediante correlacion quimica.

pectindlida
pectinolida N

O R=Ac

P R=H

0. _OH _L_ OH
HO
WO 13 "5"0H
HO 8~ 10

acido rosmarinico

salvigenina R = OMe
5-hidroxi-7,4'-dimetoxiflavona R =H

5.- Del extracto dihidroetanolico de una colecta brasilefia de H. monticola se aislaron tres
nuevas 5,6-dihidro-2H-piran-2-onas (montecolida A-C), metabolitos relacionados
biosintéticamente con las pectindlidas, junto con una nueva 5(2H)-furanona (montecolida D)
y cuatro flavonoides, sustancias aromadticas ampliamente distribuidas en la familias

pertenecientes al orden de las lamiales.
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4 1
6 H H © : 3 5
OR; OR; OAc OH OAc
montecdlida montecdlida D
A R1=ACR2=ACR3=AC
B Ri=AcR,=H R3=H
C Ri=H R,=H R3=H
dihidrokaempferol R{=0OH R,=H R3=H R4=H
cartamidina Ri=H R,=0OHR3=H R;=H
3-acetoxi-aromadendrina Ry =0OAc R, =H R3=H R4;=H
2,3-dihidrogosipetina Ry=0H R,=H R3=0H R;=0H

6.- El empleo de diversas de técnicas cromatograficas permitido la purificacion de los
metabolitos presentes en los extractos, en particular la cromatografia de liquidos de alta
resolucion, la cual a partir de su modalidad de reciclaje de la muestra permitié la méaxima

resolucion de los metabolitos en estudio.

7.- La combinacion de correlaciones quimicas, mediciones quirdpticas, el uso de agentes
derivatizantes como los ésteres de Mosher, en conjunto con el analisis por RMN, permiti6 la

confirmacion de la configuracion absoluta de los nuevos metabolitos aislados.
8.- Las pectinolidas y montecolidas se relacionan estructuralmente como derivados de un

acido dodecanoico polifuncionalizado cuyo precursor corresponderia a un hexacétido

biosintetizado en el metabolismo del acetato-malonato.
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9.- A través del estudio de la actividad citotoxica frente a tres diferentes lineas celulares
(HeLa, MCF-7 y HCT-5) de los nuevos compuestos aislados se encontrd que sélo las 5,6-
dihidro-2H-piran-2-onas que conservaban su doble enlace en el anillo de 6-lactona-a,f3-
insaturada presentaban la actividad bioldgica; los valores mas significativos (ICso 0.5-0.8
uM) fueron para la pectinolida K. El estudio de acoplamiento molecular indicé que las 5,6-
dihidro-2H-piran-2-onas tienen una alta afinidad para el sitio de unién en la subunidad -
tubulina de la pironetina, lo cual posiblemente contribuye al potencial citotoxico de estos

compuestos.

10.- El género Hyptis constituye la fuente de 5,6-dihidro-2H-piran-2-onas y 5(2H)-furanonas
de interés quimiosistematico debido a su distribucion restringuida en la familia de las labiadas

(Lamiaceae).
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