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2 RESUMEN

En el presente trabajo se reporta el estudio quimico de los derivados de
timol de las especies vegetales: Ageratina glabrata; (+)-(8S)-isobutirato de 10-
benzoiloxi-6-hidroxi-8,9-epoxitimol (1), (+)-(8S)-isobutirato de 10-isobutiriloxi-
8,9-epoxitimol (2), (+)-(8S)-isobutirato de 10-acetoxi-6-metoxi-8,9-epoxitimol (3),
(+)-(8S)-isobutirato de 10-benzoiloxi-6-metoxi-8,9-epoxitimol (4), isobutirato de
10-benzoiloxi-8,9-epoxitimol (5), isobutirato de 10-benzoiloxy-9-isobutiriloxi-6,8-
dihidroxitimol (6) y Piptothrix areolare; (8S)-isobutirato de 10-cinamoiloxi-7-oxo-
8,9-epoxitimol (7). Se establecid una metodologia para la determinacién del
exceso enantiomérico de epoxitimoles por Resonancia Magnética Nuclear de 'H
empleando el reactivo de desplazamiento quiral 1,1’-bi-2-naftol (BINOL) vy
configuracion absoluta (CA) por Dicroismo Circular Vibracional (DCV) del
derivado 1, la eficacia de esta metodologia fue probada al determinar la CA de
los derivados 2-4. El valor de la rotacion especifica de 5 mostrd que este derivado
existe como mezcla racémica. La susceptibilidad quimica a la racemizacion de
estos derivados se evalud en condiciones de reaccion &cidas con el derivado
mayoritario 1. Adicionalmente, se realizé la asignacion posicional de los ésteres
del subproducto de racemizacién 6. Con base en las propiedades Opticas
observadas en los epoxitiimoes de A. glabrata, se analizaron los valores de
rotacion especifica y el grado de escalemizacion natural del derivado 7 de P.
areolare a partir de un estudio estacional anual. En cada lote se determiné el
exceso enantiomérico por RMN de 'H y BINOL. Los resultados demostraron que
el grado de escalemizacion de este derivado esta estrechamente relacionado
con los cambios climaticos de la region, lo que sugiere que este tipo de derivados
podrian cumplir una funcién regulatoria y defensiva para la especie vegetal.
Finalmente, fue posible determinar la configuracién absoluta de (-)-(8S)-7 por
DCV. Tomando como base aquel lote que mostr6 una mayor pureza

enantiomérica.
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3 ABSTRACT

In the present research, we report the chemical study of epoxythymol
derivatives of Ageratina glabrata: (+)-(8S)-10-benzoyloxy-6-hydroxy-8,9-
epoxythymol isobutyrate (1), (+)-(8S)-10-isobutyryloxy-8,9-epoxythymol
isobutyrate (2), (+)-(8S)-10-acetoxy-6-methoxy-8,9-epoxythymol isobutyrate (3),
(+)-(8S)-10-benzoyloxy-6-methoxy-8,9-epoxythymol  isobutyrate  (4), 10-
benzoyloxy-8,9-epoxythymol isobutyrate (5), 10-benzoyloxy-9-isobutyryloxy-6,8-
dihydroxythymol isobutyrate (6) and Piptothrix areolare; (8S)-10-cinnamoyloxy-
7-0x0-8,9-epoxythymol isobutyrate (7) plant species, on the one hand, the
methodology for the determination of enantiomeric excess by 'H NMR and chiral
displacement reagent 1,1'-bi-2-naphthol (BINOL) and absolute configuration by
Vibrational Circular Dichroism of 1 was established. The effectiveness of this
methodology was tested by determining the absolute configuration of 2-4
derivatives, while the specific rotation value of 5 showed that this exist as a
racemic mixture, the racemitation susceptibility of these derivatives was
evaluated under acid reaction with 1, adittionally, the positional assigment of the
ester groups of 6 was determinated. Based on the optical properties observed in
the epoxythymols of A. glabrata, the specific rotation values and the degree of
natural scalemization of the 7 were analyzed in a anual seasonal study. In each
lot was determinated the enantimeric excess by *H NMR and chiral displacement
reagent 1,1'-bi-2-naphthol (BINOL). The results showed that the scalemization
degree of 1 has a close relationship with climate change of the region and
suggest that these derivatives could meet a regulatory and defensive function for
this plant. Finally, the absolute configuration of (-)-(8S)-7 was determined by VCD
using the sample with the higher enantiomeric purity.
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4 INTRODUCCION

Los derivados de epoxitimoles constituyen un extenso grupo de
monoterpenos aromaticos con funcionalizaciones principalmente en las
posiciones C-3, C-6, C-7 y/o C-10 que incluyen grupos éster, y algunos, un anillo
de oxirano en C-8/C-9. Un grupo de 63 derivados de epoxitimol con estas
caracteristicas estructurales han sido reportados de 67 especies vegetales
distribuidos en 32 géneros de la familia Asteraceae (Talavera-Aleman et al,
2016). La rotacion especifica de este tipo de estructuras ha sido reportada solo
en algunos casos. Se pueden encontrar epoxitimoles levorotatorios en Callilepis
laureola (Bohlmann et al, 1977), Eupatorium fortunei (Tori et al, 2001) y Gaillarda
aristata (Bohlmann et al, 1969), epoxitimoles dextrorotatorios han sido
reportados de A. glabrata (Bohlmann et al, 1977), A. cylindrica (Bustos-Brito, et
al, 2014), Arnica acaulis (Herz et al, 1989), Brasilia sickii (Bohlmann et al, 1983)
e Inula crithmoides (Marco et al, 1993). Los epoxitimoles aislados de Eupatorium
stoechadosmum (Trang et al, 1993) y P. areolare (Hernandez et al, 1986) fueron
descritos como mezclas racémicas. La presencia de epoxitimoles racémicos de
P. areolare fue corroborada mediante reactivos de desplazamiento quiral
(Hernandez et al, 1986). Algunas explicaciones acerca de la racemizacion de
8,9-epoxitimoles hacen referencia al proceso de aislamiento (Tori et al, 2001) o
a su generacién como artefactos en extractos que permanecieron almacenadas
por prolongados periodos (Delle Monache et al, 1984). Sin embargo, algunos
derivados de timol enantiomericamente puros y racémicos han sido reportados
de la misma planta (Tori et al, 2001, Wang et al, 2014), a pesar de esto, hasta la
fecha no se han llevado a cabo estudios acerca de la susceptibilidad de
racemizacion de epoxitimoles. En el presente trabajo se describe Ila
determinacién de la configuracion absoluta (CA) de los derivados de timol 1-4 de
A. glabrata, estableciendo una metodologia basada en el analisis de la pureza
enantiomérica y calculos de DCV, se determind el grado de escalemizacion de 1
en condiciones de reaccion acidas y se realizo la asignacion posicional de los
ésteres de 6. Esta metodologia fue validada al determinar la CA de 7, compuesto
mayoritario aislado de las raices de P. areolare y se evalu6 el grado de
escalemizacion natural del mismo al realizar un estudio estacional anual, basado

en las mediciones de rotacion especifica y RMN de *H con BINOL.
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5 ANTECEDENTES

Una de las familias de plantas ampliamente distribuidas en el mundo son
las asteraceas, la cual cuenta con alrededor de 950 a 1450 géneros y entre 20
000 y 30 000 especies. En México podemos encontrar 182 géneros, entre los
que cuentan con mayor niumero de especies se encuentran Ageratina, Stevia,
Verbesina y Acourtia, se localizan ampliamente distribuidas en el centro del Pais,
principalmente en los estados de Querétaro, Michoacan y Guanajuato (Villasefior
2012). Dentro de esta familia se encuentran las especies: A. glabrata y P.
areolare, los cuales estan ampliamente distribuidas en el continente Americano

desde el norte al sury el caribe (King, 1978).

A. glabrata es un arbusto de hasta 2.5 m de altura de tallos lefiosos; hojas
opuestas, haz y envés glabro y glanduloso-punteado, humerosos capitulos de 7
a 15 mm de largo dispuestos en corimbos compuestos terminales, sus flores de
15 a 18; corola de 7 mm de largo, blanca, a veces con tinte rosado en los I6bulos,
cerdas blancas (figura 1) (Calderon de Rzedowski, 2005). En la medicina
tradicional es conocida como “Chamizo blanco”, “Hierba del golpe”, y/o “Hierba
de la mula” (Sanchez-Gonzélez, 2008), se utiliza como analgésico para el

tratamiento de golpes y fracturas (Bello et al, 2007).

P. areolare es un arbusto de 1 a 4 m de altura, presenta hojas pecioladas
de 6 a 14 cm de largo por 2.5 a 6.5 cm de ancho, trinervias desde la base, los
margenes serrulados, el apice angostamente acuminado; peciolo de 1 a 1.5 cm.
Capitulescencia: una panicula tirsoide alargada con ramas corimbosas en las
axilas de las hojas distales, terminalmente piramidal en el apice; pedunculos de
2 a 7 mm. Cabezuelas de 6 a 8 mm. Flores: de 12 a 18 con corola de 5 a 5.5

mm, corola de blanco a rosado (figura 1) (King, 1970).
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Figura 1. A) A. glabrata, B) P. areolare.

5.1 Actividad biolégica

El timol es un compuesto aromético presente en los aceites esenciales de
Thymus vulgaris formado por dos unidades de isopreno en la ruta biosintética
del mevalonato, y posee el esqueleto tipico de un monoterpeno ciclico (Dewick,
2009). En el afio 2016 Talavera-Aleman et al, realizaron una revision bibliografica
de derivados de timol que poseen un centro estereogénico 0 proestereogénico,
reportando la existencia de 163, distribuidos en 38 géneros y 88 especies, de
estos, 68 presentan funciones hidroxilo, éter o éster en la posicién C-8, 62 estan
funcionalizados con un anillo de ep6xido y presentan un centro estereogénico en
C-8, mientras que 23 poseen un doble enlace y 5 presentan otras

funcionalidades, incluyendo acetonidos (Figura 2).

OH OH
o
>< OAc
(0]
8 9
OH Oi-Bu
0i-Bu
mOI-Bu \Q/X\
(o]
1

10

Figura 2. Diferentes tipos de sustituciones en derivados de timol.
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En cuanto a la actividad bilégica de este tipo de estructuras, hasta el afio
2016 solo se ha reportado la actividad de cerca del 10% de los derivados y estos
han presentado una amplia gama de actividades como: alelopatica (Zhou et al,
2003) anti-inflamatoria (Wang et al, 2014, Kos et al, 2005,) antiprotozoal (Bustos-
Brito et al, 2014), antimicrobiana (Zhao et al, 2010, Liang et al, 2007), citotoxica
(Jiang et al., 2006), antiproliferativa (Chen et al, 2014). En un estudio previo
nuestro grupo de trabajo reporto el efecto analgésico de los extractos de cloruro
de metileno de hojas de A. glabrata en animales de experimentacion en modelos
térmicos de dolor agudo de plato caliente y retirada de la cola demostrando su

efecto analgésico 5 h posteriores a su aplicacion (Garcia et al, 2011).
5.2 Racemizacion

De los tallos de Ageratina glechonophylla aislaron los derivados de timol
12 y 13 (Delle-Monache et al, 1984) considerandose que el derivado 13 podria

ser un artefacto de 12, producto de la apertura del epoxido presente en su

™ %

[OI]D24 =+35 H

OH

estructura (Figura 3).

[a]D =

Figura 3. Derivados de timol de A. glechonophylla.

De las partes aéreas de Eupatorium fortunei (Figura 4), aislaron los
compuestos 14-20, con valores de rotacion especifica de cero para 14-19. El
autor demostr6 que estos compuestos existen como mezclas racémicas, y

pueden ser artefactos formados durante la etapa de aislamiento (Tori, et al 2001).
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R, R1 R2 [a]
14  OH OH [a]?°+0
15 Oi-Bu OH [a]?4+0
R, 16 OTig OH [a]?°+0
OMe 17 OH OAng [a]?°+0
18 OH Oi-Bu [a]?°+0
19 OH OMeBu [a]?°+0
20 H OH [a]?3+18.2

Figura 4. Derivados de timol de Eupatorium fortunei.

5.3 Pureza enantiomérica

Con base en la nula actividad 6ptica del areolal (7), fue descrito que para
determinar su pureza enantiomérica, se emple6 Eu(THC)s como agente de
solvatacion quiral, una alternativa eficaz, accesible y de facil manejo (Hernandez
et al, 1986). En dicho ensayo, el racemato fue revelado al observar el
desdoblamiento de la sefal del CH2-10, atribuida a los hidrogenos de metileno

adyacente al centro estereogénico (Figura 5).

Figura 5. Areolal aislado de P. areolare.

Como alternativa al empleo de reactivos metalicos, en 2010 fue
cuantificada la pureza enantiomérica del (S)-omeprazol (21) y su analogo:
lansoprazol (22) (Figura 6), usando (S)-BINOL como reactivo de desplazamiento
quiral mediante RMN de 'H y °F. Esta técnica representa un método analitico
rapido y confiable ya requiere una minima cantidad de muestra y la preparacién
es sencilla, no destructiva y de facil purificacibn por métodos convencionales
(Redondo et al, 2010).
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CF;

21 22 -

Figura 6. (S)-omeprazol (21), lansoprazol (22).

Derivados del BINOL se han empleado satisfactoriamente para la
determinacién de la pureza enantiomérica, asi como la CA en productos
naturales. Du et al, emplearon (S)-3,3’-dibromo-1,1’-bi-2-naftol para determinar

la pureza 6ptica y quiralidad de la bavachinina (23) (Du et al, 2015) (Figura 7).

Br

OH

OH

Br

S
H-3a H-3a
f\ A | 1 \ R

Figura 7. Relacién enantiomérica entre bavachinina (R) y (S).

En 2016 Yi et al, también utilizaron de manera exitosa al (R)- BINOL y (S)-
BINOL para la pureza oOptica de las isoflavanonas 24 y 25 (Figura 8), y
establecieron su CA con base en sus desplazamientos quimicos (Yi et al, 2016).
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24 25

Figura 8. Isoflavanonas 30 y 31.

5.4 Transesterificaciones

En 1969, Bohimann et al, reportaron los primeros 10 derivados de timol a
partir de Gaillardia aristata y Hellenium mexicanum, los cuales fueron
caracterizados con base en sus desplazamientos de RMN de H. El autor sugirié

qgue el compuesto 27 se derivé del tratamiento acido de 26 (Figura 9).

RO H® ‘;Qn)\ RO oH [0}
(g X - A©%<\ J\(
(: OH °

—
lodsre=-74 " I!I R = i-Bu [a]*436=+11.9

26 27

Figura 9. Derivados de timol aislados Gaillardia aristata y Hellenium
mexicanum.

En 1992 Maldonado et al, aislaron de Calea nelsonii al derivado de timol
28, sugirieron la posible transterificacién a 27, atribuido al uso de metanol

durante el proceso de purificacién (Maldonado et al, 1992) (Figura 10).

(0} (0} (o} OH

Figura 10. Derivados de timol de Calea nelsonii.
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5.5 Configuracién absoluta

La CA de una molécula se puede determinar a partir de distintas
estrategias experimentales, una de ellas es por correlacion quimica mediante
una serie de reacciones, que pueden proceder con retencion o inversion de la
configuracion y donde no se modifican los enlaces que estan directamente
unidos al centro estereogénico, como se demostré con el (-)-acido lactico en

base a la configuracion del (+)-gliceraldehido (Juaristi, 2010) (Esquema 1).

CHO COOH COOH
y Hzo * o, *
Cmny —— Cdny -~ CLmmy
H,0

HO CH,OH HO CH,OH HO CH,NH,
(+)-Gliceraldehido (-)-acido glicérico (+)-isocerina

(09) (€9) (0.9

COOH COOH
. | 7Zn . | HBr | NaNO,
HO CH, H CH,Br

(-)-Acido lactico (-)-Acido-3-bromo-2-
R isopropanoico

®
Esquema 1. Determinacion de la CA por correlacion quimica.

En el caso de moléculas de origen natural, dado que en la naturaleza los
organismos no suelen producir metabolitos secundarios en forma racémica y las
reacciones de biosintesis siguen la misma ruta para una familia de compuestos,
se puede determinar la CA de todos ellos con base en su biogénesis (Dewick,
2009). En 2011 Gomez-Hurtado et al, proponen la correlacion biogenética de los
ent-clerodanos y labdanos de Chromolaena pulchella con base en los resultados
de la determinacién de la CA de estos derivados (Gémez-Hurtado et al, 2011)

(Esquema 2).
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GGPP cation labdanilo

¢H20
w0 (a)

19COR o o/
4cido hardwickiico R = H

metil hardwikiato R =Me lactona del
acido hautriwaico

labd-13(E)-eno-8c.,15-diol

Molar absorpiviy €
g é =
gt

o

COMe CO,Me = isoabienol
metil nidoresedato metil estrictato )

Esquema 2. Correlacion biogenética de los ent-clerodanos y labdanos.

Otra alternativa para la determinacion de la CA es la difraccion de rayos
X, que es capaz de distinguir entre estructuras cristalinas enantiomorficas, asi
como los enantidmeros de una molécula quiral tomando en cuenta informacién
esencial como la geometria molecular, la distancia de enlace, los angulos y el
empaquetamiento de las moléculas dentro de la estructura. Se puede determinar
la CA de un compuesto mediante la determinacion de los parametros de Flack y
Hooft, el primero establece la relacion que hay entre los cristales perfectamente
orientados de forma opuesta dentro de un monocristral, por lo que se pueden
definir las dos posibles configuraciones de un centro estereogénico (Flack,
2008); el segundo, es un parametro estadistico computacional que se lleva a
cabo al término del refinamiento y proporciona una ruta de sustento al parametro
de Flack (Thompson, 2009).

En el afio 2014 Bustos-Brito et al, aislaron de Ageratina cylindrica al
compuesto 29 (figura 11) reportaron el primer estudio para la determinacién de
la CA del centro estereogénico (C-8) de un derivado de timol mediante las
técnicas de rayos X bajo los parametros de Flack y Hooft y DCV (Bustos-Brito,
et al, 2014).
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Configuracion absoluta
Flack x =-0.1 (2)

Hooft y = 0.02 (5)
Configuracion opuesta
Flack x=1.1 (2)

Hooft y = 0.98 (5)

R =3.9%

29

Figura 11. Determinacién de la CA del compuesto 29.

Posteriormente, en 2016 Bustos-Brito et al, reportaron la CA por difraccion
de rayos X con base en el parametro de Flack del (8S)-isobutirato de 10-
benzoiloxi-6-hidroxi-8,9-epoxitimol (1) de A. glabrata (Bustos-Brito et al 2016)
(figura 12).

Figura 12. Difraccién de rayos X de 1.

Como propiedad espectroscopica, todas las moléculas organicas
absorben irradiacion de IR, por lo que las moléculas quirales pueden generar
espectros IR de haz dicroico, es decir, IRpcv, el cual es esteroespecifico, por
tanto, los pares de enantiomeros generaran el mismo espectro de IR pero sus
espectros de DCV seran imagenes especulares. La magnitud en las bandas en
un espectro de DCV es aproximadamente 10,000 veces mas pequefia que la de

IR, lo que representa una desventaja del método, no obstante, cada banda de
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absorcion en el espectro de IR tiene una correspondiente banda en DCV. Es
posible hacer una comparacion entre un espectro DCV calculado y el
experimental para determinar inequivocamente la CA.

En nuestro grupo de trabajo se determiné la CA de tres diterpenos de tipo
cassano 30-32 de Caesalpinia platyloba por el método de DCV (Gémez-Hurtado,
et al, 2013), contribuyendo con esto a la aplicacién exitosa de esta técnica en

moléculas terpénicas naturales (Figura 13).

30 31 32

Figura 13. Diterpenos de Caesalpinia platyloba.

Adicionalmente, la CA por DCV de derivados del p-menteno 33 y 34
aislados de las partes aéreas de A. glabrata, permitié6 determinar la CA por
correlacién quimica de otras moléculas analogas en esta especie (Pardo-Novoa
et al 2016) (Figura 14).

33 34

Figura 14. Mentenos aislados de A. glabrata.

De igual manera, se ha demostrado que dicha técnica es capaz de
diferenciar diasteroisdmeros, como en 2014, cuando Garcia et al determinaron
la CA de dos terpenos de tipo labdano mediante esta técnica y confirmaron la

coexistencia de 13-epi-labdanos en Ageratina jocotepecana (Figura 15).
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35 36
Figura 15. Estructuras del éster de acido cativico (35) y éster del &cido 13-epi-
labdandlico (36).

A pesar de que existen técnicas adecuadas, hasta el 2019 solo se ha
determinado la CA de uno de los 163 derivados de timol reportados y no se han
llevado a cabo ningun estudio experimental para determinar, por un lado la
susceptibilidad quimica a la racemizacion del anillo de oxirano presente en 62 de
ellos y por otro, si el medio ambiente puede propiciar la racemizacion natural.
Con base en lo anterior, en este trabajo se plantea determinar la configuracion
absoluta de los derivados de timol presentes en las partes aéreas de A. glabrata
y de las raices de P. areolare, asi como, determinar su capacidad de
racemizacion en condiciones de reacciébn acidas como se ha sugerido
anteriormente y corroborar en un estudio estacional anual si la relacién
enantiomérica de un epoxitimol reportado anteriormente como mezcla
escalémica varia de acuerdo a las condiciones ambientales y el ciclo anual de la

especie vegetal.
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6 JUSTIFICACION

Hasta el 2019 se han reportado 161 derivados de timol. Existen reportes
donde se sugiere que pueden sufrir transesterificaciones y aperturas del anillo
de epoxido por las condiciones de aislamiento, racemizaciones sugeridas en
base a los valores de rotacion especifica. Solo hay un reporte de la CA de un
derivado de timol y solo se ha reportado la actividad biologica del 10% de estos
derivados, por lo que es pertinente llevar a cabo una investigacion dirigida a
determinar la configuracion absoluta de los epoxitimoles aislados de dos
especies vegetales de la tribu Eupatorieae y su capacidad de racemizacion por

en condiciones de laboratorio y de forma natural en un estudio estacional.
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7 OBJETIVOS

Objetivo general

Establecer una metodologia para determinar la configuracién absoluta de
derivados de timol presentes en especies vegetales de la tribu Eupatorieae que
pueda ser empleada de manera eficiente en estructuras analogas, y contribuir a

la quimiotaxonomia de esta tribu vegetal.

Objetivos particulares

1. Aislar los derivados de timol mayoritarios de A. glabrata.

2. Determinar la pureza enantiomérica de 1-5.

Propiciar la escalemizacion de epoxitimoles enantioméricamente puros
mediante reacciones quimicas.
Determinar la CA de los epoxitimoles aislados.

5. Aislar areolal (7) de P. areolare, y establecer su pureza enantiomérica.
Realizar un estudio estacional con colectas periddicas para el aislamiento
de 7, y determinar la pureza enantiomérica a lo largo del estudio.

7. Determinar la CA por DCV de 7.
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8 DISCUSION DE RESULTADOS

8.1 Aislamiento de epoxitimoles de Ageratina glabrata

A. glabrata se colecto en febrero de 2015 en la desviacion a Cuanajo a 1
km de la carretera Patzcuaro-Santa Clara del Cobre, se secé a la sombra,
posteriormente se separo en sus diferentes partes (raices, tallos, hojas y flores),
se macerd por separado con disolventes de polaridad ascendente por triplicado

para obtener los correspondientes extractos.

Del extracto hexanico de hojas, en la polaridad (9:1) hexanos-AcOEt se
obtuvo una miel amarilla, en su espectro de RMN de *H (figura 16), se observan
entre 4.0 y 1.0 ppm las sefales correspondientes a un grupo isobutirato, metilo
aromatico y metoxilo, alrededor de 4.5y 3.0 ppm, las sefales de sistemas AB de
CH2-9 y CH2-10, en la regién de los arométicos, se aprecian las sefales del anillo
de benzoato entre 8.1y 7.4 ppm y las sefiales para los hidrégenos en posicién
para del anillo de timol alrededor de 7.0 ppm. Con base en los datos anteriores,
este espectro corresponde al isobutirato de 10-benzoiloxi-6-metoxi-8,9-
epoxitimol 4 que fue aislado anteriormente de A. glabrata por Bohlmann en 1977

y de Ageratina semialata (Bohlmann et al 1977).

3 OMe

| 10 J\ " v
o e, B Y - - 34

5
gnqn 4"6 2 10a 10b 9a 9b
5" ”
JL/
7.0 6.5 6.0 5.5 5.0 4.5 4.0

T T T T T
. 3.5 3.0 25 2.0 1.5
ppm

Figura 16. Espectro de RMN de *H a 400 MHz en CDClIz del isobutirato de 10-
bezoiloxi-6-metoxi-8,9-epoxitimol (4).
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En la misma polaridad se aislé un compuesto (figura 17), que presenta el
patron de sefiales para el grupo isobutirato y el anillo de epdxido, asi como para
el grupo benzoato. Adicionalmente, se aprecia que el anillo de timol presenta un
patron tipico de trisustitucién con constantes de acoplamiento orto y meta de 7.6
y 0.6 Hz, con base en estos datos se establece la obtencién del isobutirato de
10-benzoiloxi-8,9-epoxitimol 5, reportado anteriormente en Ageratina glabrata

(Bohimann et al 1977) y en A. anisochroma (Tamayo-Castillo, 1988).

O 34

9a 9%

3T 10a 10b

8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5
ppm

Figura 17. Espectro de RMN de *H a 400 MHz en CDClIz del isobutirato de 10-
benzoiloxi-8,9-epoxitimol (5).

8.2 Evaluacion de la pureza Optica

La pureza optica de los epoxitimoles aislados 1-5, se evalué mediante la
medicién de la rotacién especifica. Los derivados 1-4 presentaron valores de
[alsse entre +10 y +28, mientras que para 5 se observo un valor de [a]sse +0.8 (C
0.8, CHCIzs), la cual difiere en signo y magnitud con la reportada por Bustos-Brito

et al, en 2016 ([a]sse -3.9 en CHCI3) en su estudio de Ageratina glabrata.

Esta variacion sugiere que hay diferencias en la pureza éptica, donde
probablemente prevalecen los enantiomeros opuestos, esto concuerda con los

reportes donde algunos epoxitimoles existen como mezclas racémicas, 0 cuyo
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valor de rotacidon especifica es muy cercano a cero (Talavera et al, 2016). Por
esta razén, se llevo a cabo la determinacion de la pureza enantiomérica de todos
los epoxitimoles aislados en este trabajo mediante el uso de (S)-BINOL como
agente de solvatacion quiral en mediciones de RMN de 'H. Anteriormente, este
método fue empleado exitosamente en la discriminacion enantiomérica de
algunos isoflavonoides (Yi et al, 2016), alcaloides (Antkowiak et al, 2002) y
péptidos (Hu et al, 2016), asi como en principios activos farmacoldgicos
(Redondo et al, 2010, Redondo et al, 2013). ). En los cinco compuestos
estudiados fueron observados cambios en los desplazamientos quimicos
después del uso del reactivo de desplazamiento quiral (BINOL), los mas
significativos son los de los atomos localizados cerca del centro estereogénico
concordando con la tendencia observada para otros compuestos (Gomez-
Hurtado et al, 2013, Garcia-Sanchez et al, 2014, Pardo-Novoa et al, 2016).

El andlisis de BINOL-RMN de 'H de 1, 3 y 4 reveld6 que estos se
encuentran enantiomericamente puros, ya que se observé un solo patron de
sefales ligeramente desplazadas a campo alto con respecto al espectro original
de RMN de 'H. En el caso del epoxitimol 5 el espectro de RMN de *H-BINOL
mostré dos conjuntos de sefiales para H-10b en 4.17 y 4.16 ppm (A6 0.013) con
una marcada diferencia en la intensidad de las sefiales. El desdoblamiento de
H-9a con A6 0.007 y H-9b con Ad 0.004 también fue observado, las sefales
restantes mostraron los desplazamientos tipicos observados en los espectros
originales de RMN de 'H. Con base en este experimento, fue posible establecer
gue este compuesto existe como una mezcla escalémica 3:1, por lo tanto un e.e.
de 50% (Figura 18).

Por otro lado, el andlisis de H-BINOL de 5 revelé dos conjuntos de
sefales para H-10a y H-10b con similares intensidades, en este caso se observd
gue H-10b mostro el mayor desplazamiento quimico (A6 0.021) en comparacion
con el observado para H-10a (A 0.006), también H-9a mostré Ad 0.009 y H-9b
Ad 0.003, mientras que para el resto de las sefiales no se observé un
desplazamiento significativo. Con base en la intensidad de las sefiales
desdobladas, es posible establecer una mezcla escalémica 56:44 (Figura 19),
que tiene una relacion directa con el valor de rotacion especifica observada [a]sse

+0.8.
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\C%Jk( b) R | U R T

5 49 47 45 43 41 31 29
Figura 18. Comparacion entre los espectros de RMN de 'H de los
epoxitimoles 1-5 (trazos inferiores) y aquellos donde se adicioné BINOL (trazos

superiores) mostrando las proporciones escalémicas de (a) 1 100:0; (b) 2
75:25; (d) 3 100:0; y (e) 4 100:0; (c) 5 56:44.

8.3 Determinacién de la configuracion absoluta por DCV

Se decidio llevar a cabo la determinacion de la CA de derivados de timol
por DCV siguiendo la metodologia descrita por Bustos-Brito en 2014. Se modeld
el enantiomero (S)-1 (figura 19) en el programa Spartan’04. Posteriormente, se

realiz6 una busqueda conformacional empleando el protocolo Monte Carlo
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obteniendo 139 conférmeros en un rango de energia relativa entre 0-9.62314891
kcal/mol.

Figura 19. Conférmero de minima energia y mayor contribucion poblacional
mediante el método MMFF de (S)-1.

Posteriormente, se optimizaron las energias de los 139 conférmeros con
un nivel de teoria DFT B3LYP/6-31G**, aquellos conférmeros en el rango de 0O-
3 kcal/mol (109 conférmeros) fueron sometidos a una optimizacion de la
geometria mediante DFT al nivel PBEPBE/DGDZVP y se seleccionaron los
conférmeros en el rango de 0-2 kcal/mol y se emplearon para calcular los
espectros de DCV e IRpcv al mismo nivel de teoria. La comparacion estadistica
de los espectros calculados y experimentales empleando el algoritmo
CompareVOA indic6 una pobre similitud espectral. Para solucionar este
inconveniente, se realizé una busqueda sistematica de posibles conférmeros
faltantes. Esto se llevo a cabo a partir de un andlisis de los angulos diedros de
enlaces con libre giro, lo que condujo a la incorporacién de 13 conférmeros
faltantes. Con esta incorporacion, el analisis estadistico de los espectros
experimentales contra los espectros calculados por compareVOA, mostro una
buena similitud espectral para el enantidmero correcto (Figura 20) y un nivel de
confianza del 100%, (tabla 2), sus datos termoquimicos pueden apreciarse en el
anexo 1. Su CA se estableci6 como (+)-(8S)-Isobutirato de 10-benzoiloxi-6-

hidroxi-8,9-epoxitimol (1).
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Figura 20. Comparacion de los espectros experimentales y calculados de IR y
DCV en PBEPBE/DGDZVP de (+)-(8S)-Isobutirato de10-benzoiloxi-6-hidroxi-
8,9-epoxitimol (1).

La ausencia de algunos conformeros en el epoxitimol 1 genero
incertidumbre en cuanto a la eficiencia del método de Monte Carlo ya que se
observaron diferentes resultados al utilizar modelos de partida diferentes, este
factor fue asociado con las barreras energéticas presentes en la estructura
molecular, las cuales fueron observables con un andlisis rotacional realizado a
los derivados 3 y 4 empleando el programa PCModel 7.0. Dichas barreras
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rotacionales (>10 kcal/mol) se ubicaron en los angulos diedros C-3-0-3-C-1"-C-
2"y C-4-C-8-C-10-0-10 (Figura 21). Con base en este analisis se determino el
uso de cuatro modelos de partida para el andlisis de 3 y 4 como estrategia para
disminuir la probabilidad de omision de conférmeros imprescindibles para el

estudio.

MeO

Figura 21. Andlisis de angulos diedros de 3y 4.

Para el epoxitimol 3 se obtuvieron 20 conformeros con el protocolo de
Monte Carlo; Posteriormente, sus energias se optimizaron en DFT B3LYP/6-
31G**, los conférmeros en el rango de las 0-3 kcal/mol fueron depurados con
base en sus energias libres y angulos diedros para posteriormente optimizar su
geometria con DFT PBEPBE/DGDZVP. Finalmente, aquellos conférmeros en el
rango de las 0-2 kcal/mol fueron empleados para generar los espectros
calculados de IR y DCV mediante DFT PBEPBE/DGDZVP (Tabla 1). La
comparacion estadistica de los espectros calculados y experimentales de DCV
e IRbcv (Figura 22) mostraron valores de nivel de confianza en CompareVOA del
100% para el enantiomero correcto y su CA se estableci6 como (+)-(8S)-

Isobutirato de 10-acetoxi-6-metoxi-8,9-epoxitimol (3).
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Figura 22. Comparacion de los espectros experimentales y calculados de IR y
DCV en PBEPBE/DGDZVP de (+)-(8S)-Isobutirato de10-acetoxi-6-metoxi-8,9-
epoxitimol (3).

El andlisis de la CA del compuesto 4 se llevé a cabo bajo la misma
metodologia empleada para 3 (Tabla 1). Los espectros calculados de DCV e

IRbcv comparados con los experimentales en el algoritmo estadistico
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CompareVOA arrojaron un nivel de confianza del 100% (Tabla 2) para el (+)-

(8S)-Isobutirato de 10-benzoiloxi-6-metoxi-8,9-epoxitimol (4) (Figura 23).
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Figura 23. Comparacion de los espectros experimentales y calculados
de IRy DCV en PBEPBE/DGDZVP para (+)-(8S)-Isobutirato de 10-benzoiloxi-
6-metoxi-8,9-epoxitimol (4).

La efectividad de la técnica sugerida para la determinacién de la CA fue
validada, por lo que se empleé para determinar la CA del enantiomero 2

mayoritario de la mezcla escalémica con un e.e. del 50%. En la tabla 1 se resume
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la metodologia empleada. La comparacion estadistica de los espectros
ponderados DCV e IRpcv contra los correspondientes experimentales en
CompareVOA dio un nivel de confianza del 100% al considerar el rango de
frecuencias de 1000 a 1400 cm™t, que corresponde a la region de las bandas con
mayor intensidad (Figura 24). La CA se determindé como (+)-(8S)-Isobutirato de
10-Isobutiriloxi-8,9-epoxitimol (2). Con base en estos resultados, puede
establecerse que la técnica propuesta para determinar la CA de epoxitimoles
puede emplearse para mezclas racémicas con exceso enantiomérico del 50% o

mayores.
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Figura 24. Comparacion de los espectros experimentales y calculados de IR y
DCV en PBEPBE/DGDZVP para (+)-(8S)-Isobutirato de 10-Isobutiriloxi-8,9-

epoxitimol (2).

Es importante mencionar que el epoxitimol 2 se encuentra reportado en
cerca de la mitad de las especies vegetales que contienen epoxitimoles
(Talavera, 2016), por lo que, con la determinacion de la CA de este epoxitimol,
la CA de todos los derivados de timol presentes en tales especies vegetales

podria ser inferida.
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En los anexos 1-4, se resumen los datos correspondientes a los andlisis

termoquimicos de los epoxitimoles 1-4.

Tabla 1. NUmero de conférmeros encontrados en los diferentes niveles de

calculo empleados en la metodologia.

MMFF DFT B3LYP/6-31G** DFT PBEPBE/DGDZVP
I I L\ (0-3kcal/mol) (0-2kcal/mol)
1 1392 109 31
2 100 100 100 100 105 48
3 68 8 79 81 64 20
4 90 83 78 61 62 49

aConférmeros obtenidos a partir de un solo célculo de MMFF.

Tabla 2. Nivel de confianza para los espectros de IR y DCV de 1-5 calculados
con el nivel de teoria PBEPBE/DGDZVP.

Compuesto anH®* SR S Sg? ESE Cf

1 1.020 909 709 173 535 100
2 1.014 896 732 237 495 100
3 1.009 80.7 715 11.8 59.7 100
4 1.000 847 712 19.2 519 100

3Factor de anharmonicidad. IR similitud espectral. *VCD similitud espectral para el
enantiomero correcto. “VCD similitud espectral para el enantiémero incorrecto. indice de
similitud enantiomérica calculada como Se - S-e. 'Nivel de confianza en porcentaje para las

asignaciones configuracionales.

8.4 Reacciones de racemizacion/escalemizacion

Una vez que la presencia de mezclas escalémicas en 2 y 3 fue
demostrada fue conveniente evaluar la capacidad de racemizacion de los
epoxitimoles. Para este ensayo se eligié al epoxitimol 1, ya que este es aislado
en buenos rendimientos y posee pureza enantiomérica (Figura 25a). Tres
alicuotas de 1 fueron calentadas bajo reflujo de benceno en presencia de gel de
silice como catalizador heterogéneo, usando una trampa de Dean Stark durante

2, 4y 6 h. Los productos del crudo de reaccion fueron purificados por
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cromatografia en columna y analizados por 'H-BINOL-RMN revelando una
escalemizacion gradual relacionada directamente con el tiempo de reaccion.
Después de 2 h de reaccion (figura 25b) se observo la presencia de una mezcla
escalémica 90:10 (e.e. 80%), después de 4 h (figura 25c) de tratamiento esta
proporcion se modificé a un 87:13 (e.e. 74%); y después de 6 h de reaccion
(figura 25d), la proporcién escalémica se incremento a un 75:25 (e.e. 50%). Este
experimento sugirid la susceptibilidad quimica de estos compuestos a la

racemizacion (Figura 25).

| \ | |
e —— -  SNPESNS Sy i Lol ” . W
o) |
o |
o S JAY
o S—— . N -
10
HO (o} b) '
o '
1 J\ F A A
ot et N — i —
" 480 470 __ a0 450 440

Figura 25. Relacién enantiomérica de las reacciones de escalemizacion
del epoxitimol 1 evaluado por la metodologia *H-BINOL-RMN. a) Determinacién
alas 0 h (100:0), b) 2 h (90:10), c) 4 h (87:13) y d) 6 h (75:25).

Un mecanismo intermolecular concertado fue propuesto para justificar la
escalemizacion del epoxitimol 1 (Figura 26), en el cual se lleva a cabo un ataque
nucleofilico del oxigeno O-8 del anillo de ep6xido al carbono C-1"" de carbonilo,
que promueve la trasferencia del grupo acilo, con la consecuente ruptura del
enlace C-8-0-8 y la formacion del enlace O-10-C-8 de manera concertada. Si

este mecanismo es reversible el proceso podria generar ambos enantiomeros
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hasta alcanzar un equilibrio racémico, pasando a través de proporciones

escalémicas durante el tiempo de reaccion.

10 ’,”/ ””, 10
R R
(85)-1 (8R)-1

Figura 26. Mecanismo de reaccion concertado propuesto para la

escalemizacion del epoxitimol 1.

8.5 Reaccion de transesterificacion

En el curso de estos experimentos se detectd un subproducto, este mostro
los datos idénticos al isobutirato de 10-benzoiloxi-9-isobutiriloxi-6,8-dihidroxitimol
(37), descrito previamente por nuestro grupo de trabajo (Arreaga et al, 2015).
Basados en los datos arrojados por el analisis de RMN de 1D y 2D de este
compuesto, por las apreciaciones realizadas recientemente por Bustos-Brito en
2016, se llevo a cabo la revision de la conectividad de esta estructuray se corrigio
como isobutirato de 10-benzoiloxi-9-isobutiriloxi-6,8-dihidroxitimol (6) (Figura
27). En este caso, la apertura del anillo puede ser posible por el ataque de una
molécula de H20 al C-8 tras la ruptura concertada del enlace C-8-0O-8 y la
transesterificacion del residuo de isobutirato de O-3 a O-9, como fue sugerida

por Bohimann et al en 1969.

OH
0
o)
HO (0)

OH 0
0
(o OH
HO 0
0
OH
6 37

Figura 27. Derivados de timol 6 y 37.
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8.6 Aislamiento del epoxitimol 7 de Piptotrhrix areolare

P. areolare se colecto el 14 de octubre de 2017 en el km 32.5 de la
carretera Villa Madero-Tacambaro; posteriormente, se secé a la sombra por dos
semanas, se separé en sus diferentes partes (raices, tallos, hojas y flores),
transcurrido este periodo se realizaron macerados de las diferentes partes en
disolventes organicos en polaridad ascendente (hexanos, acetato de etilo y
metanol) por triplicado en periodos de tres dias.

Un lote de 520 mg del extracto hexanico de raices se sometio a
cromatografia empleando gel de silice como fase estacionaria y mezclas de
hexanos-AcOEt en polaridad ascendente como fase movil. Las fracciones
obtenidas fueron monitoreadas por cromatografia en capa fina. En la polaridad
hexanos- AcOEt (7:3) se obtuvieron 22 mg de una miel amarilla, en su espectro
de RMN de 'H (Figura 28) se observé en 9.90 ppm la sefial para el hidrégeno H-
11 correspondiente a un protdén de aldehido, entre 7.8 y 7.50 ppm se observan
tres sefales de hidrégenos aromaticos cuyas constantes de acoplamiento
siguieren la triple sustitucion, mientras que entre 7.50 y 7.25 ppm se localizan
dos sefiales multiples, la integracion de estas sefales indica la presencia de
cinco hidrégenos, ademés se observaron dos sefiales dobles en 7.70 y 6.25 ppm
entre 4.75y 1.25 ppm se localizaron las sefiales tipicas de un derivado de timol
epoxidado, por lo que el analisis de las sefiales sugiere la presencia de un éster
de cinamato en la posicion C-10, un isobutirato en C-3 y un aldehido en C-1.
Mientras que en su espectro de RMN de 3C se observan entre 190 y 165 ppm
las tres sefiales correspondientes a los carbonilos C-1""", C-1" y C-1"", alrededor
de 142.5y 116.0 se ubicaron las sefales para los carbonos de doble enlace C-
2”7y C-37", lo que confirma la presencia del grupo cinamato, entre 150.0 y 115.0
ppm se localizaron las sefales de carbonos aromaticos y finalmente entre 4.7 y
1.0 ppm las sefales tipicas de la porcion alifatica. Los experimentos de 2D
permitieron corroborar la asignacion de esta estructura. Este derivado fue aislado
anteriormente de P. areolare por Hernandez et al en 1986, con base en sus
desplazamientos de RMN de *H como isobutirato de 10-cinamoiloxi-7-0x0-8,9-

epoxitimol.

43



M. C. Héctor Manuel Arreaga Gonzdlez

34
1
3 10a 10b %9a 9b
T T T T T T 1 T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
ppm

Figura 28. Espectro de RMN de 'H a 400 MHz en CDClIz del epoxitimol 7.
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Figura 29. Espectro de RMN de 13C a 100 MHz en CDClz del epoxitimol 7.
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8.7 Estudio estacional

El epoxitimol 7 fue reportado previamente por Hernandez et al en 1986,
con nula rotacion especifica. Partiendo de este antecedente y de los resultados
obtenidos con los epoxitimoles de A. glabrata, se decidio valorar el estatus de la
pureza Optica susceptibilidad a escalemizarse de forma natural o en los procesos
de extraccion y almacenaje (Bohlmann, 1966, Tori, 2001). Cabe resaltar que 7

se extrae en buenos rendimientos de las raices de P. areolare.

P. areolare se colect6 en periodos de dos semanas del 26 de marzo de
2017 al 26 de junio de 2018 en el kilbmetro 32.5 de la carretera Villa Madero-
Tacambaro, como puede apreciarse en la figura 34, P. areolare muestra un ciclo
anual que coincide con las estaciones anuales ya que en primavera (marzo-junio)
el indice de hojas muertas sobrepasa el 50%, mientras que en los meses de
verano (junio-septiembre) la defoliacion es total con incluso la desaparicion total
de los tallos, por otro lado, durante el otofio (septiembre- diciembre) los tallos y
hojas se desarrollan nuevamente, resaltando que el periodo de floracién se da a
inicios del mes de noviembre y dura aproximadamente tres semanas, finalmente
durante la etapa invernal (diciembre-marzo) la planta muestra un abundante

follaje que conserva hasta los inicios del mes de marzo (figura 30).
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Figura 30. Colectas de P. areolare A) mayo de 2017, B) septiembre de 2017,
C) noviembre de 2017, D) enero de 2018, E) marzo de 2018, F) mayo de 2018.

En cada periodo se colectaron las raices de un espécimen, que se
dejaron secar a la sombra por tres dias, posteriormente se trituraron y se
maceraron en hexanos por tres dias, el macerado se filtr6 y se evapor6 a presién
reducida en rotavapor, el extracto se impregné en gel de silice y se someti6 a
cromatografia en fase directa, se corroboro la purificacion del epoxitimol 7 por
RMN de 'H, se determiné su grado de escalemizacion por RMN de 'H y BINOL
y se obtuvo su valor de rotacion especifica en cada muestra colectada, en la
tabla 3 se detallan los valores obtenidos. En todos los casos, el método de
purificacion de 7 fue igual para descartar alteraciones de e.e. por metodologias

de extraccion.
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Tabla 3. Valores de rotacidén especifica y exceso enantiomérico de 7.

Rotacioén

Colecta Fecha e e.e.
especifica
1 26/03/17 -3.2 54
2 30/04/17 -2.9 50
3 22/05/17 -1.0 32
4 31/05/17 -3.6 68
5 13/06/17 -1.7 36
6 30/06/17 -3.8 68
7 14/07/17 -3.5 58
8 30/07/17 -3.4 46
9 15/08/17 -5.0 84
10 30/08/17 -5.0 86
11 14/09/17 -4.7 86
12 12/11/17 -5.8 84
13 27/11/17 -4.0 46
14 23/12/17 -1.3 26
15 07/01/18 -3.6 86
16 21/01/18 -4.6 88
17 03/02/18 -1.6 32
18 18/02/18 -2.6 50
19 18/03/18 -4.1 64
20 29/03/18 1.8 -32
21 15/04/18 -1.5 22
22 27/04/18 -5.5 82
23 13/05/18 2.0 84
24 26/05/18 -5.8 84

En la grafica 31d, se puede observar que la relacién enantiomérica no
muestra una tendencia a lo largo del afio; sin embargo, se puede apreciar que
en los meses de agosto a noviembre de 2017 el grado de escalemizacion
alcanza la estabilidad mas prolongada observdndose una exceso enantiomérico
promedio de 86%, este dato coincide con el periodo de floracion de la planta, por
otro lado la escalemizacion con un valor mas alto se observo en el 21 de enero
de 2018 con un exceso enantiomérico de 88%, estos valores tienen
concordancia con los valores de rotacion especifica de las mismas fechas,
mientras que el valor minimo se observo en la colecta correspondiente al 29 de
marzo de 2018 donde la relaciébn enantiomérica es inversa, generandose de
forma méas abundante el enantibmero opuesto con un exceso enantiomérico del
32%, y en resto del afio se observan diferencias significativas en cada periodo

de colecta.
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Continuando con el andlisis estacional, se procedi6 a realizar una
bldsqueda de los pardmetros climéticos presentes en el municipio de Madero y
adyacentes en el periodo 2017- 2018, estos datos fueron obtenidos a traves de
las normales climatologicas proporcionadas por de Comision Nacional del Agua
(CONAGUA). Cabe resaltar que las estaciones climatoldégicas mas préximas al
sitio de colecta no estan actualmente en funcionamiento, pero los datos
historicos permitieron observar que el clima de la region es igual al de Morelia,
los cuales se emplearon para este analisis. Los valores de temperatura maxima
en la grafica 31a se aprecian que el pico mas alto se encuentra en el 22 de junio
de 2017 con 35.3°C y el minimo en el 30 de agosto de 2017 con 25.0°C, por lo
que el promedio de temperatura maxima oscila alrededor de los 30.2 °C. Con

base en lo anterior se puede inferir que el clima de la region es templado.

En cuanto a la temperatura minima se observa en la gréfica 31b que el
pico mas alto se registrd el 22 de junio de 2017 con 17.1 °C, mientras que el
minimo se observé el 21 de enero de 2018 con 5.2 °C, en el resto del afio la

temperatura minima oscila en los 11 °C.

Con el andlisis de las temperaturas maximas y minimas se obtuvieron
los valores correspondientes a la temperatura media que se observan en la
grafica 31c, estos valores se compararon con los observados en la grafica 31d
que corresponde al exceso enantiomérico, donde se puede observar que si bien
existen fluctuaciones a lo largo del afio, estas son consistentes en ambas
graficas ya que muestran tendencias semejantes de fluctuacién, por lo cual se
puede proponer que la escalemizacion de 7 esta estrechamente relacionada con
los cambios en la temperatura, ya que se observé que si esta muestra un
incremento o disminucion, el exceso enantiomérico de 7 puede tender tanto a la
pureza enantiomérica como a la racemizacion; y por otro lado, cuando la
temperatura se encuentra en el rango promedio (21 °C) el exceso enantiomérico
se mantiene en un promedio del 86%. Con base en estos resultados se puede
sugerir que el epoxitimol 7 podria cumplir una funcién protectora y/o regulatoria

en P. areolare frente a los cambios de temperatura.
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Figura 31. 31a) Valores de temperatura maxima en Morelia de 2017 a 2018,
31b) Valores de temperatura minima en Morelia de 2017 a 2018, 31c) Valores
de temperatura media en Morelia de 2017 a 2018, 31d) Valores de exceso

enantiomérico de 7 observados.
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8.8 Determinacion de la CA de areolal aislado de Piptothrix areolare

Basados en la metodologia descrita recientemente para la determinacion
de la CA por DCV (Arreaga et al, 2018) donde se dejo de manifiesto que se
puede determinar la configuracién de un derivado de timol por DCV aun cuando
este se presente como mezcla escalémica, se decidié determinar la CA del
epoxitimol mayoritario aislado de P. areolare 7 partiendo de la muestra que
mostré un mayor exceso enantiomérico durante el estudio estacional. Se inicié
con la construccion de los cuatro modelos de partida; posteriormente, se llevo a
cabo el calculo de distribucién conformacional por el método de Monte Carlo. A
los conférmeros obtenidos se les optimizé la energia en un nivel de teoria
B3LYP-631G(d). De este calculo, se obtuvieron 83 conférmeros en el rango de
0-2 kcal/mol, los cuales fueron optimizados en energia y geometria a un nivel de
teoria DFT PBEPBE/DGDZVP. Con base en la comparacion de sus energias y
angulos diedros, fue depurada la lista de conférmeros para obtener una
poblacion de 60 conférmeros. Finalmente con las energias y frecuencias de
estos se obtuvieron sus espectros tedricos de IR y DCV, los espectros tedricos
y experimentales se compararon en el algoritmo compareVOA, para esta
comparacion se aplicé un factor de anharmonicidad de 1.023, el indice de
similitud espectral del IR fue del 85.2%, el porcentaje de similitud espectral en
DCV para el enantibmero correcto fue de 74.1% mientras que para el
enantiomero incorrecto fue del 25.9%, finalmente el nivel de confianza para las
asignaciones configuracionales fue del 100%, por lo que se concluyé que la CA
del centro estereogénico C-8 es (S) y el epoxitimol 7 se define como (-)(8S)-
isobutirato de 10-cinamoiloxi-7-0x0-8,9-epoxitimol (figura 31), sus datos

termoquimicos pueden apreciarse en el anexo 5.
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Figura 31. Comparacion de los espectros experimentales y calculados de IR y
DCV en PBEPBE/DGDZVP para (+)-(8S)-Isobutirato de 10-cinamoiloxi-7-oxo-

8,9-epoxitimol (7).
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9 CONCLUSIONES

e La pureza enantiomérica de los epoxitimoles 1-5 fue determinada con el
uso de (S)-BINOL como reactivo de solvatacién quiral y RMN de *H
observando que derivados obtenidos de la misma especie vegetal pueden
existir como mezclas racémicas y/o escalémicas.

e La capacidad de racemizacion/escalemizacion de los epoxitimoles en
condiciones de reaccion en medios acidos es posible y puede seguir dos
rutas, por un lado, dar lugar a mezclas racémicas y escalémicas y por otro
pueden sufrir transesterificaciones como lo reportaron previamente.

e La metodologia de analisis en la busqueda conformacional de
epoxitimoles garantiza la inclusion de los conférmeros de minima energia
para el estudio de la CA por el método de DCV, con esta se determind la
CA de los epoxitimoles 1-4, de A. glabrata, resaltando que el derivado 2
existe como mezcla escalémica 75:25 (R*/S*), este derivado se encuentra
presente en 40 especies vegetales, por lo que la CA de los epoxitimoles
presentes en estas especies puede ser inferida por correlacion quimica.

e Anteriormente se demostr6 que los epoxitimoles pueden sufrir
escalemizacion en medio acido, basados en el reporte de Hernandez en
1986, se decidi6 retomar el estudio de esta especie, por lo que
inicialmente se aislé a 7 de las raices y se llevd a cabo un estudio
estacional, que permiti6 determinar que la escalemizacién de forma
natural de este derivado esta estrechamente relacionado con los cambios
en la temperatura de la zona de colecta, por lo que se puede sugerir que
7 podria tener una funcién de proteccién frente a los cambios de
temperatura.

e Para validar la metodologia de CA por DCV en una especie diferente, se
determind la misma del derivado 7, aislado de P. areolare, por lo que esta
metodologia puede ser aplicada a estructuras analogas y a otro tipo de

familias estructurales.
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10 PARTE EXPERIMENTAL

Procedimientos generales de experimentacion

Los puntos de fusién se obtuvieron mediante el instrumento, Fisher-
Johns, no estan corregidos. Los valores de rotacion especifica se determinaron
en CHCIsen un polarimetro Perkin-ElImer341. Los espectros de UV se registraron
en un espectrofotometro Perkin-Elmer Lambda 12. Los espectros de RMN de 'H
y 13C se midieron en un equipo Varian Mercury 300 6 400 MHz para 'H, a 75 0
100 MHz para *3C, respectivamente, usando deuterocloroformo (CDCls) como
disolvente y tetrametilsilano (TMS) como referencia interna. Los
desplazamientos se reportaron en ppm, las constantes de acoplamiento (J) se
reportaron en Hertz (Hz). Para las columnas cromatogréaficas se empleé gel de
silice de malla 230-400 (Merck).

Materia vegetal

A. glabrata se colecté en febrero de 2015 en la carretera Péatzcuaro-

Santa Clara del cobre a 1 km de la desviacion a Cuanajo.

P. areolare se colect6 en dos tiempos por mes, de marzo de 2017 a junio

de 2018 en el km 32.5 de la carretera Villa Madero-Tacambaro.
Extraccion y aislamiento

Las hojas de A. glabrata se secaron a la sombra por dos semanas.
Posteriormente, se maceraron en CHzClz por triplicado en periodos de tres dias
evaporando el disolvente en rotavapor y obteniendo los correspondientes

extractos.

Las raices de P. areolare se secaron por tres dias, se trituraron y se
maceraron en hexanos por tres dias, posteriormente se filtraron los macerados

y se concentraron en rotavapor a presion reducida.
Reacciones de escalemizacion

Tres suspensiones de silica gel (1 g) en benceno (60 mL) se reflujaron
por 4 h usando una trampa de Dean-Stark para eliminar la humedad. Las
muestras del derivado enantioméricamente puro 1 (100 mg) fueron agregadas a
cada sistema y se calentaron hasta reflujo por 2, 4 y 6 h, respectivamente. Los
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crudos de reaccion se filtraron, evaporaron a presion reducida y se purificaron
por columna cromatografica en fase directa usando mezclas de hexanos-AcOEt

en polaridad ascendente.
Determinacion de las proporciones escalémicas usando (S)-BINOL

La pureza enantiomérica de los derivados de timol fue determinada por
espectroscopia de RMN de !H disolviendo las muestras (6 mg) en 0.7 mL de
CDClz y adicionando (S)-BINOL (Aldrich®) como agente de solvatacién quiral, la
relacion enantiomérica de cada muestra fue obtenida con base en la altura de

las sefnales.
Mediciones de dicroismo circular vibracional

Los espectros de IRpcv y DCV fueron realizados en un
espectrofotometro BioTools dualPEM ChirallR FT. Cada muestra fue disuelta en
CDCls 100% deuterocloroformo y colocado en una celda de BaF2 con una
ventana de 100 um. Los datos de 1,3-5y 7 fueron adquiridos a una resolucion
de 4 cm™ por 6 h cada uno, la linea base fue obtenida restando el espectro del
disolvente adquirido bajo las mismas condiciones y la estabilidad de las muestras
fue monitoreada por RMN de 'H antes y después de cada medicion.

Céalculos de dicroismo circular vibracional

Los protocolos de Monte Carlo se llevaron a cabo usando los campos de
fuerza de la mecanica molecular (MMFF94) como un implemento del programa
Spartan’04, las barreras rotacionales fueron identificadas usando el programa
PCModel 7.0, las busquedas de Monte Carlo se llevaron a cabo iniciando con
cuatro conférmeros de minima energia, realizando inicialmente cortes a 10
kcal/mol. Todos los conféormeros fueron examinados para descartar los
duplicados. La energia en single-point de cada conférmero fue calculada con el
nivel de teoria DFT B3LYP/6-31G(d) en el programa Spartan’04. Estas
estructuras se sometieron a optimizacion de la geometria con el nivel de teoria
PBEPBE/DGDZVP empleando los programas Gaussian 03W o Gaussian 09. Las
estructuras de minima energia en el rango de 0-2 kcal/mol se usaron para
calcular los datos termodinamicos y las frecuencias de IRy DCV a 298 Ky 1 atm.

De todas las estructuras de minima energia se verificO la ausencia de
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frecuencias imaginarias y sus energias relativas fueron usadas para calcular la
poblacion de Boltzmann. Las ponderaciones de Boltzmann de IR y DCV de los
compuestos fueron calculadas considerando las bandas Lorentzianas a una
anchura media de 6 cm™. La visualizacion molecular se llevé a cabo en el
programa Gaussian View 3.0. La optimizacion de la geometria y los célculos
vibracionales requirieron alrededor de 30 h de tiempo computacional por
conférmero cuando se us6 una computadora operando a 2.20 GHz con 8 Gb de
memoria RAM y cerca de 2 h cuando se uso el supercomputador institucional
hibrido Xiuhcoatl.
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Aislamiento del isobutirato de 10-benzoiloxi-6-metoxi-8,9-epoxitimol (4).

Del extracto hexanico de las hojas, en la
polaridad (9:1) hexanos-AcOEt se
obtuvieron 30 mg de una miel amarilla.
RMN de 'H (400 MHz, CDCls) d: 7.99
(2H, m, H-3"", H-7"), 7.56 (1H, tt, J = 7.4
Hz, H-57), 7.42 (2H, t, J = 7.4 Hz, H-4"",
H-6""), 6.96 (1H, s, H-5), 6.82 (1H, s, H-
2),4.79 (1H, d, J = 12.2 Hz, H-10a), 4.47 (1H, d, J = 12.2 Hz, H-10b), 3.82 (3H,
s, H-OMe), 3.13 (1H, d, J = 5.2 Hz, H-9a), 2.76 (1H, d, J = 5.2 Hz, H-9b), 2.73
(1H, sept, J = 7.2 Hz, H-2"), 2.19 (3H, s, H-7), 1.31 (3H, d, J = 7.2 Hz, H-3"), 1.31
(3H, d, J = 7.2 Hz, H-4").

Aislamiento del isobutirato de 10-benzoiloxi-8,9-epoxitimol (6).

Del extracto hexanico de las hojas, en la
polaridad (9:1) hexanos-AcOEt se
obtuvieron 16 mg de una miel amarilla.
RMN de *H (400 MHz, CDCI3) &: 7.96 (2H,
dd, J=7.6, 1.8 Hz, H-3"", H-7""), 7.54 (1H,
tt,J=7.4,1.8Hz,H-5"),7.40 (2H,1,J=7.6
Hz, H-4"",H-6""), 7.44 (1H, d, J = 7.6 Hz, H-
5), 7.06 (1H, dd, J = 7.6, 0.6 Hz, H-6), 6.87 (1H, s, H-2), 4.75 (1H, d, J = 12 Hz,
H-10a), 4.45 (1H, d, J = 12 Hz, H-10b), 3.11 (1H, d, J = 5.2 Hz, H-9a), 2.89 (1H,
d, J=5.2 Hz, H-9b), 2.84 (1H, sept, J =7.0 Hz, H-2), 2.34 (3H, s, H-7), 1.30 (3H,
d,J=7.0Hz, H-3"), 1.29 (3H, d, J = 7.0 Hz, H-4").
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Aislamiento del isobutirato de 10-cinamoiloxi-7-0x0-8,9-epoxitimol (7).

Del extracto hexanico de raices
de P. areolare, en la polaridad
hexanos-AcOEt (7:3) se
obtuvieron 22 mg de una miel
amarilla. RMN de 'H (400 MHz,
CDCls) 6:9.92 (1H, s, H-11), 7.71
(1H,dd, J=7.8, 1.6 Hz, H-6), 7.65
(1H, d, J =7.8 Hz, H-5), 7.57 (1H,
d, J =16.4 Hz, H-27), 7.54 (1H, d, J = 1.6 Hz, H-2), 7.42 (2H, m, H-5"", H-97),
7.38 (3H, m, H-6"", H-7"", H-8""), 6.30 (1H, d, J = 16.4 Hz, H-3"), 4.63 (1H, d, J
=12.4 Hz, H-10a), 4.31 (1H, d, J = 12.4 Hz H-10b), 3.07 (1H, d, J = 5.2 Hz, H-
9a), 2.84 (1H, sept, J =7 Hz, H-2"), 2.80 (1H, d, J = 5.2 Hz, H-9b), 1.29 (3H, d, J
= 7.2 Hz, H-3"), 1.28 (3H, d, J = 7.2 Hz, H-4"). RMN de 3C (100 MHz, CDCls) &:
190.6 (C, C-7),175.2 (C, C-1"), 166.1 (C, C-17), 149.3 (CH, C-3), 116.9 (CH, C-
37), 137.5 (C, C-1), 135.5 (C, C-4), 134.0 (C, C-47"), 130.5 (CH, C-77"), 130.0
(CH, C-5), 128.9 (CH, C-6"", C-87), 128.1 (CH, C-5, C-97), 127.2 (CH, C-6),
123.6 (CH, C-2), 123.6 (CH, C-2""), 65.2 (CH2, C-10), 57.0 (C, C-8), 51.0 (CHz,
C-9), 34.1 (CH, C-2), 18.9 (CHs, C-3"), 18.8 (CHs, C-4").
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ANEXOS

Anexo 1. Datos termoquimicos y estructuras calculadas para el (+)-(8S)-
isobutirato de10-benzoiloxi-6-hidroxi-8,9-epoxitimol (1).

Tabla Al.1. Andlisis termoquimico de (+)-(8S)-isobutirato de-10-benzoiloxi-6-
hidroxi-8,9-epoxitimol (1).

Conférmero AEMMEE? %MMFFb AEper® %DFTd AGopte %Optf,g
la 4.50 0.04 5.76 0.0045 0.00 14.84
1b 2.79 0.80 4.17 0.0652 0.05 13.58
1c 3.20 0.40 5.38 0.0086 0.07 13.12
1d 3.71 0.17 0.00 70.9743 0.26 9.62
le 3.01 0.54 6.15 0.0024 0.32 8.62
1f 4.12 0.08 7.44 0.0003 0.77 4.10
19 251 1.26 4.46 0.0398 0.82 3.78
1h 2.61 1.07 6.19 0.0022 0.82 3.75
1i 3.53 0.23 6.14 0.0024 0.89 3.33
1j 5.02 0.02 6.88 0.0007 0.96 2.98
1k 2.38 1.57 5.22 0.0112 1.03 2.63
1l 2.71 0.91 6.26 0.0020 1.22 1.91
Im 4.46 0.05 1.14 10.5207 1.37 1.50
In 341 0.28 7.55 0.0002 1.38 1.46
1o 3.17 0.42 5.02 0.0157 1.45 1.29
1p 3.67 0.18 6.55 0.0012 1.50 1.20
1q 3.59 0.21 5.75 0.0046 1.60 1.01
1r 2.61 1.08 5.59 0.0060 1.62 0.98
1s 3.91 0.12 6.42 0.0015 1.63 0.96
1t 3.50 0.24 5.82 0.0041 1.69 0.85
1u 3.54 0.22 0.81 18.1275 1.69 0.87
1lv 3.93 0.12 6.48 0.0013 1.69 0.86
1w 1.90 3.56 5.49 0.0071 1.75 0.79
1x 3.71 0.17 5.20 0.0115 1.76 0.77
ly 4.08 0.09 5.93 0.0034 1.82 0.70
1z 3.94 0.11 7.08 0.0005 1.87 0.64
la 0.00 85.49 3.60 0.1698 1.88 0.63
1b’ 3.22 0.39 5.90 0.0036 1.88 0.63
1c 4.67 0.03 6.25 0.0020 1.88 0.63
1d’ 4.73 0.03 6.25 0.0020 1.92 0.60
le’ 4.01 0.10 7.15 0.0004 1.92 0.59

3Energia relativa en Mecanica Molecular respecto a 1a”, Emmer = 53.533 kcal/mol. °Poblacion en %
calculada de las energias de MMFF de acuerdo a AEmmer = — RT In K. °Energia relativa en single-point
B3LYP/6-31G(d) respecto a 1d, Eg.316@) = —793707.737 kcal/mol. “Poblacion en % calculada de B3LYP/6-
31G(d) energia respecto a AEsaicy ~ — RT In K. © Energia relativa libre de Gibbs respecto a 1a,
Gpeepee/bepzve = —792638.484 kcal/mol. fPoblacion en % calculada de la energia libre Gibbs de acuerdo a
AG=-RTInK.

0
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1c

1a 1b 1d
14.8411% 13.5852% 13.1214% 9.6189%
le . 1f 1g 1h
8.6215% 4.1006% 3.7774% 3.7576%
1i 1j 1k 11
3.3362% 3.3362% 2.6327% 1.9138%
1m In 1o 1p
1.50071% 1.4571% 1.2896% 1.1980%
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g 0

£
1q 1r 1s 1t
1.0123% 0.9829% 0.9645% 0.8755%
N
Ny,
/ /
7
1u 1v 1w 1x
0.8681% 0.8645% 0.7913% 0.7708%
iﬁ; i
’/(( ly 1z 1a’ 1b’
0.704%08 0.6438% 0.6364% 0.6364%
J —
1c¢’ ‘ 1d’ le’
0.6357% 0.5962% 0.5924%

Figura Al.1. Conférmeros del (+)-(8S)-isobutirato de10-benzoiloxi-6-hidroxi-

8,9-epoxitimol (1) que representan el 100% de la poblacién conformacional.
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Anexo 2. Datos termoquimicos y estructuras calculadas para el (+)-(8S)-
isobutirato de 10-isobutiriloxi-8,9-epoxitimol (2).

Tabla A2.1. Andlisis termoquimico de (+)-(8S)-isobutirato de 10-isobutiriloxi-
8,9-epoxitimol (2).

Conférmero AEmmee? %MMFFb AEper® %DFTd AGopte %optf,g
2a 1.66 1.11 0.21 7.66 0.00 10.84
2b 1.34 1.89 1.56 0.80 0.22 7.49
2C 1.49 1.47 0.50 4.72 0.28 6.80
2d 1.59 1.26 2.03 0.36 0.51 4.61
2e 1.05 3.11 1.25 1.35 0.51 4.61
2f 1.86 0.80 0.99 2.07 0.56 4.22
29 191 0.73 1.03 1.94 0.63 3.80
2h 3.69 0.04 0.70 3.39 0.69 3.42
2i 2.19 0.46 2.23 0.26 0.74 3.13
2] 1.73 0.99 0.29 6.72 0.75 3.08
2k 1.99 0.64 2.46 0.18 0.76 3.02
2l 2.71 0.19 0.78 2.95 0.79 2.88
2m 2.27 0.40 2.30 0.23 0.85 2.62
2n 141 1.70 0.94 2.28 0.87 2.52
20 1.40 1.71 0.14 8.67 0.87 251
2p 3.59 0.04 0.80 2.86 0.88 2.49
2q 1.56 1.32 1.10 1.75 0.89 2.45
2r 2.05 0.58 0.63 3.82 0.99 2.08
2s 1.21 2.35 0.13 8.77 1.00 2.01
2t 2.98 0.12 2.38 0.20 1.03 1.92
2u 1.55 1.34 1.36 1.12 1.04 1.88
2v 3.38 0.06 2.14 0.30 1.19 1.47
2w 4.21 0.02 1.43 1.00 1.22 1.40
2X 2.07 0.56 0.92 2.34 1.23 1.37
2y 3.72 0.04 1.02 1.98 1.24 1.35
2z 2.77 0.17 1.53 0.84 1.28 1.28
2a 0.62 6.32 2.14 0.30 141 1.02
2b’ 3.33 0.07 1.68 0.65 1.43 0.99
2¢” 245 0.30 1.53 0.84 1.45 0.95
2d’ 1.97 0.66 1.57 0.79 1.48 0.91
2e’ 1.60 1.23 1.70 0.64 1.49 0.90
2f 3.10 0.10 1.44 0.98 1.50 0.88
29 3.42 0.06 244 0.18 1.58 0.77
2h’ 1.85 0.81 1.82 0.52 1.60 0.75
2i° 3.29 0.07 2.20 0.28 1.60 0.74
2j 3.17 0.09 1.34 1.17 1.60 0.74
2k 2.57 0.24 1.15 1.58 1.60 0.74
2l 2.89 0.14 2.35 0.21 1.72 0.61
2m’ 0.94 3.70 2.70 0.12 1.77 0.56
2n’ 3.73 0.03 2.74 0.11 1.79 0.53
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20 1.59 1.25 211 0.32 1.80 0.53
2p° 0.09 15.38 1.28 1.29 1.83 0.50
2q 4.57 0.01 2.04 0.36 1.85 0.49
2r 0.33 10.39 1.43 0.99 1.87 0.47
25 0.04 16.95 0.00 10.96 1.90 0.45
2t 0.00 18.01 0.83 2.72 1.93 0.43
2u° 3.68 0.04 2.38 0.20 1.93 0.42
2V 1.69 1.06 0.34 6.23 2.00 0.38

3Energia relativa en Mecanica Molecular respecto a 2t", Emver = 37.735 kcal/mol. ®Poblacion en %
calculada de las energias de MMFF de acuerdo a AEmmrr = — RT In K. °Energia relativa en single-point
B3LYP/6-31G(d) respecto a 2s”, Es-316(0) = —675524.785 kcal/mol. 9Poblacion en % calculada de B3LYP/6-
31G(d) energia respecto a AEssicy = — RT In K. © Energia relativa libre de Gibbs respecto a 2a,
Greepee/DGDZVP = —674566.684 kcal/mol. fPoblacion en % calculada de la energia libre Gibbs de acuerdo a
AG=-RTInK.
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Figura A2.1. Conformeros de (+)-(8S)-Isobutirato de 10-isobutiriloxi-8,9-
epoxitimol (2) que representan el 100% de la poblacion conformacional.
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Anexo 3. Datos termoquimicos y estructuras calculadas para el (+)-(8S)-
isobutirato de 10-acetoxi-6-metoxi-8,9-epoxitimol (3)

Tabla A3.1. Andlisis termoquimico de (+)-(8S)-isobutirato de 10-acetoxi-6-
metoxi-8,9-epoxitimol (3)

Conférmero AEMMEE? %MMFFb AEper® (%)DFTd AGopte %optf,g
3a 0.64 7.22 1.540 2.33 0.00 19.24
3b 0.52 8.79 1.746 1.64 0.05 17.63
3c 0.53 8.66 0.000 30.77 0.38 10.17
3d 0.54 8.53 0.003 30.62 0.52 8.07
3e 0.61 7.50 2.622 0.38 0.77 5.26
3f 1.55 1.58 1.328 3.32 0.78 5.20
39 2.63 0.25 0.873 7.11 0.86 4.55
3h 1.85 0.94 1.539 2.33 0.87 4.47
3i 2.57 0.28 0.916 6.62 0.98 3.71
3j 2.27 0.47 1.945 1.18 1.09 3.07
3k 0.10 4.00 2.193 0.78 1.17 2.72
3l 0.25 13.90 3.258 0.13 1.22 2.48
3m 2.35 041 1.543 2.31 1.25 2.38
3n 0.37 11.29 1.021 5.55 1.30 2.18
30 1.02 3.80 2.204 0.76 1.31 2.13
3p 0.00 21.10 2.661 0.35 1.32 2.11
39 2.14 0.58 2.041 1.00 1.42 1.77
3r 2.97 0.14 1.508 2.45 1.61 1.29
3s 2.73 0.21 3.015 0.20 1.87 0.83
3t 2.46 0.33 3.165 0.15 1.97 0.70

3Energia relativa en Mecanica Molecular respecto a 3p, Emmer = 39.603 kcal/mol. PPoblacion en %
calculada de las energias de MMFF de acuerdo a AEmmrr = — RT In K. °Energia relativa en single-point
B3LYP/6-31G(d) respecto a 3¢, Es.316(0) = —698051.239 kcal/mol. 9Poblacion en % calculada de B3LYP/6-
31G(d) energia respecto a AEsaicey =~ — RT In K. € Energia relativa libre de Gibbs respecto a 3a,
Geeepee/mepzve = —697105.530 kcal/mol. fPoblacion en % calculada de la energia libre Gibbs de acuerdo a
AG=-RTInK.
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Figura A3.1. conformeros del (+)-(8S)-isobutirato de 10-acetoxi-6-metoxi-8,9-
epoxitimol (3) que representan el 100% de la poblaciéon conformacional.
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Anexo 4. Datos termoquimicos y estructuras calculadas para el (+)-(8S)-
isobutirato de-10-benzoiloxi-6-metoxi-8,9-epoxitimol (4).

Tabla A4.1. Analisis termoquimico de (+)-(8S)-isobutirato de-10-benzoiloxi-6-
metoxi-8,9-epoxitimol (4).

Conférmero  AEmmre® YoM AEpgT® Y%prrd AGopt® %Optf,g
4a 3.14 0.2183 1.32 4.3953 0.00 9.51
4b 3.10 0.2327 5.40 0.0046 0.28 5.87
4c 3.58 0.1056 1.56 2.9191 0.30 5.76
4d 2.01 1.4642 0.91 8.6994 0.43 4.63
4e 3.09 0.2413 1.69 2.3590 0.46 4.37
4f 1.83 1.9826 2.34 0.7836 0.51 4.06
49 3.07 0.2458 3.46 0.1213 0.53 3.94
4h 2.61 0.5338 1.70 2.3081 0.58 3.59
4i 4.92 0.0110 5.34 0.0051 0.70 2.90
4j 4.11 0.0431 2.23 0.9424 0.74 2.75
4k 4.58 0.0197 3.54 0.1049 0.77 2.62
41 4.11 0.0431 6.89 0.0004 0.78 2.55
4m 3.06 0.2487 3.03 0.2484 0.82 2.41
4n 5.26 0.0063 2.00 1.4048 0.87 2.21
40 4.60 0.0193 1.36 4.0690 0.88 2.19
4p 3.50 0.1201 3.26 0.1697 0.90 2.10
4q 0.00 42.7159 1.14 5.9446 0.91 2.05
ar 1.98 1.5336 0.00 40.0322 0.96 1.90
4s 3.37 0.1485 1.42 3.6979 0.98 1.83
4t 4.22 0.0357 2.97 0.2761 1.02 1.72
4u 0.42 20.9333 1.28 4.6925 1.02 1.71
4v 1.84 1.9285 1.98 1.4528 1.08 1.56
aw 4.50 0.0222 3.14 0.2055 1.12 1.47
4x 3.62 0.0989 3.65 0.0879 1.12 1.45
4y 152 3.3253 181 1.9160 1.13 1.42
4z 2.44 0.7067 1.78 2.0183 1.16 1.35
4a' 4.01 0.0512 2.90 0.3099 1.17 1.33
4b' 2.17 1.1207 2.60 0.5143 1.17 1.32
4c' 2.06 1.3512 2.59 0.5161 1.18 1.32
4d' 3.88 0.0636 2.70 0.4284 1.18 1.30
4e' 1.91 1.7261 2.37 0.7552 1.19 1.29
4f' 3.56 0.1084 3.41 0.1313 1.20 1.26
4q' 3.09 0.2373 2.03 1.3203 1.20 1.26
4h' 3.72 0.0825 3.94 0.0540 1.22 1.22
41’ 3.56 0.1084 3.13 0.2097 1.22 1.21
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4j'
4K’

2.49
4.69
3.74
0.83
3.33
1.50
2.56
2.15
4.05
2.32
2.74
3.96
5.02
3.12

0.6488
0.0163
0.0799
10.4671
0.1589
3.4123
0.5787
1.1675
0.0476
0.8709
0.4272
0.0558
0.0094
0.2258

3.00
2.34
2.15
2.20
2.22
2.99
3.47
2.44
2.87
3.16
2.54
3.83
2.62
3.47

M. C. Héctor Manuel Arreaga Gonzdlez

0.2621
0.7863
1.0796
0.9927
0.9616
0.2665
0.1185
0.6693
0.3232
0.2007
0.5650
0.0650
0.4932
0.1183

1.23
1.38
1.41
1.45
1.50
1.50
1.54
1.54
1.58
1.60
1.61
1.65
1.66
1.71

1.20
0.94
0.89
0.83
0.77
0.77
0.72
0.72
0.67
0.65
0.64
0.59
0.58
0.54

Energia relativa en Mecanica Molecular respecto a 49, Emmrr = 71.178 kcal/mol. "Poblacion en %
calculada de las energias de MMFF de acuerdo a AEumer = — RT In K. “Energia relativa en single-point
B3LYP/6-31G(d) respecto a 4r, Eg.316() = —343187.213 kcal/mol. “Poblacion en % calculada de B3LYP/6-
31G(d) energia respecto a AEssic@y = — RT In K. © Energia relativa libre de Gibbs respecto a 4a,
Greepee/DGDZVP = —343188.127 kcal/mol. fpoblacion en % calculada de la energia libre Gibbs de acuerdo a

AG=-RTInK.
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4w’
0.5%%

Figura A4.1. Conformeros de (+)-(8S)-isobutirato de-10-benzoiloxi-6-metoxi-
8,9-epoxitimol (4) que representan el 100% de la poblacién conformacional.
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Anexo 5. Datos termoquimicos y estructuras calculadas para el (+)-(8S)
isobutirato de 10-cinamoiloxi-7-0x0-8,9-epoxitimol (7).

Tabla A5.1. Andlisis termoquimico de (+)-(8S) isobutirato de 10-cinamoiloxi-7-
0Xx0-8,9-epoxitimol (7).

Conférmero AEmmee? YoMmMFE" AEprr® Yoprr AGopt %Optf,g
7a 4.56 0.0114 5.82 0.0025 0.00 9.16
7b 3.47 0.0710 0.85 10.6354 0.08 7.93
7c 4.68 0.0092 6.89 0.0004 0.34 5.11
7d 3.21 0.1090 6.15 0.0014 0.43 441
7e 3.60 0.0568 1.55 3.2651 0.44 4.38
7f 4.44 0.0140 0.53 17.9792 0.50 3.98
79 4.10 0.0245 6.97 0.0003 0.50 3.94
7h 2.08 0.7288 4.61 0.0191 0.51 3.83
7i 2.02 0.8019 4.54 0.0217 0.54 3.67
7 2.34 0.4746 5.25 0.0065 0.64 3.13
7K 5.37 0.0029 6.39 0.0009 0.72 2.71
71 3.31 0.0933 6.63 0.0006 0.79 2.46
m 421 0.0206 6.49 0.0008 0.80 2.40
7n 2.48 0.3734 6.24 0.0012 0.81 2.34
70 2.27 0.5290 5.51 0.0042 0.83 2.29
7p 3.51 0.0663 6.27 0.0011 0.84 2.23
7q 2.75 0.2390 5.90 0.0022 0.86 2.16
r 2.88 0.1892 5.27 0.0063 0.87 2.12
7s 3.42 0.0772 5.84 0.0024 0.95 1.87
Tt 3.04 0.1450 5.17 0.00750 0.98 1.75
7u 3.77 0.0430 6.07 0.00167 1.05 1.56
v 2.62 0.2932 6.15 0.0014 111 1.41
w 4.99 0.0055 6.56 0.0007 112 1.40
7X 3.28 0.0982 0.00 43.9596 1.13 1.37
7y 2.13 0.6683 5.69 0.0031 1.21 1.20
7z 4.19 0.0213 6.83 0.0004 1.29 1.05
7a 2.97 0.1638 5.17 0.0075 1.33 0.97
7’ 3.96 0.0309 7.18 0.0002 1.39 0.89
7c 4.88 0.0066 7.12 0.0002 1.39 0.89
7d’ 481 0.0074 2.64 0.5246 1.40 0.87
7€ 3.02 0.1497 6.88 0.0004 1.46 0.79
7f 3.28 0.0982 6.40 0.0009 1.46 0.78
79 2.67 0.2699 5.78 0.0027 1.48 0.77
7h 2.94 0.1732 6.29 0.0011 151 0.73
7 0.27 15.131 4.31 0.0317 1.57 0.73
7y 2.98 0.1624 7.18 0.0002 1.53 0.70
7K 4.48 0.0131 7.15 0.0002 1.53 0.70
7 3.89 0.0350 1.97 1.6222 1.54 0.69
m’ 5.71 0.0016 7.11 0.0002 1.55 0.68
m 0.19 17.2954 4.20 0.0381 1.57 0.65
70’ 3.88 0.0353 7.04 0.0003 1.60 0.63
7 0.78 6.4513 4.88 0.0121 1.64 0.58
7q 4.03 0.0278 6.09 0.0016 1.65 0.57
g 3.25 0.1023 6.64 0.0006 1.68 0.54
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75 2.98 0.1600 6.99 0.0003 1.73 0.49
7t 0.55 9.5766 0.47 19.8495 1.74 0.49
(s 0.65 7.9857 4.53 0.0219 1.74 0.49
v 4.37 0.0156 6.86 0.0004 1.75 0.48
w’ 4.94 0.0060 7.12 0.0002 1.77 0.47
7 3.31 0.0933 3.39 0.1488 1.79 0.45
7y 2.99 0.1590 6.80 0.0004 1.79 0.45
7 0.73 7.0075 4.56 0.0210 1.81 0.43
7a” 2.90 0.1842 5.99 0.0018 1.82 0.43
7 3.98 0.0299 7.20 0.0002 1.85 0.41
7c” 4.78 0.0078 6.61 0.0006 1.90 0.37
7d” 2.65 0.2801 6.39 0.0009 191 0.37
7€ 3.93 0.0330 7.04 0.0003 1.94 0.35
7t 0.92 5.1328 4.43 0.0261 1.95 0.34
79”7 0.00 23.89 4.95 0.0108 1.95 0.34
4h” 3.21 0.1089 1.92 1.7435 1.96 0.34

3Energia relativa en Mecéanica Molecular respecto a 79", Emwrr = 55.1418 kcal/mol. ®Poblacion en %
calculada de las energias de MMFF de acuerdo a AEmmrr = — RT In K. °Energia relativa en single-point
B3LYP/6-31G(d) respecto a 7X, Es-s16(0) = -840374.333 kcal/mol. YPoblacién en % calculada de B3LYP/6-
31G(d) energia respecto a AEsaicey = — RT In K. € Energia relativa libre de Gibbs respecto a 7a,
Geeepee/nepzve = -840375.318 kcal/mol. fpoblacion en % calculada de la energia libre Gibbs de acuerdo a
AG=—-RTInK.
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Figura A5.1. Conformeros de (+)-(8S) isobutirato de 10-cinamoiloxi-7-0x0-8,9-
epoxitimol (7). que representan el 100% de la poblacion conformacional.
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ANEXO 6. Generalidades del municipio de Villa Madero, Michoacéan

El municipio de Villa Madero, se localiza al este del estado de
Michoacan en las coordenadas 19°23" de latitud norte y 101°17" de longitud
oeste, a una altura de 2180 metros sobre el nivel del mar. Limita al norte con
Morelia, al este con Tzitzio y Tiquicheo, al sur con Caracuaro y al oeste con
Tacambaro y Acuitzio (figura A6.1). Su relieve lo constituyen el sistema volcanico
transversal; las sierras de Curupatzeo y Nocupetaro; y los Cerros de Porua,
Caracol, Moreno y Verde. Su hidrografia se constituye por el rio Caracuaro y los
arroyos de Porua, Zirapio y por Juntas. El clima es templado, con lluvias en
verano y en algunas partes tropical. Tiene una precipitacion pluvial anual de
1654.5 mm y temperaturas que oscilan de 7.5°C a 23.9°C. En el municipio
predominan los bosques: bosque mixto, con pino, encino y cedro; bosque tropical
deciduo, con ceiba, parota, tepeguaje, zapote y mango. Los suelos del municipio
datan de los periodos cenozoico, terciarios y paloceno; corresponden
principalmente a los de tipo podzdlico y chernozem (Enciclopedia de los

municipios y delegaciones de México).

[ e

\ . i
"
Copandaro  Alyare o Marava

liménez Chucindiro
Huaniqueo

Obregén Zinapécuaro
i Coenen Drmban
Indaparapeo
; J Queréndaro Irimbo
b Quiroga Marelia Charo % ;
Tzintzuntzan ~ Hidalgo

Erongaricuara

Lagunilias

Huiramba
jiate Patzcuaro

o Tuxpan

- st ; Jungapeo
Salvador

Escalante Madero

Tacdmiaro idre
Tuzantla:
Susuj

Tiquicheo
de Nicolds
Romera

Cardcuaro

Turicato

cana "y g

Churumuco 2 'l

Figura A6.1 Municipio de Villa Madero Michoacan.
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ABSTRACT: The aerial parts of Ageratina glabrata afforded
(=)-(3$,4R,5R,65)-3,5,6-trihydroxy-1-menthene 3-O-f-n-ghaco-
pyranoside (1) and (—)-(35,4S,6R)-3,6-dihydroxy-1-menthene
3-0-f-v-glucopyranoside (3), Acid hydrolysis of 1 yielded
(+)-(1R,48,5R,6R)-1,5,6-trihydroxy-2-menthene (5) and
(+)-(18,48,5R,6R)-1,5,6-trihydroxy-2-menthene (6), while
hydrolysis of 3 yielded (+)-(3545,6R)-3,6-dihydroxy-1-men-
thene (10), (+)-(1R,48,6R)-1,6-dihydroxy-2-menthene (11), and
(+)-(18,48,6R)-1,6-dihydroxy-2-menthene (12). The structures
of the new compounds 1, 2, 5-9, and 11 were defined by 1D

and 2D NMR exp while the absolote configarations of \ _ I 1
the jes of ¢ p ds were d gy b'y- 3 of the Calcd VCD ———,»—«\-w/\‘l ‘\r’\,",\,/"“\v‘ /.\ .~‘\.

experimental vibrational circular dichroism (VCD) spectra of the

1,6-acetonide S-acetate derived from 6 and of the 1,6-acetonide

derived from 12 with their DFT-calculated spectra. In addition, Flack and Hooft X-ray parameters of 10 permitted the same

conclusion. The results further led to the absolute configuration reassignment of 10 isolated from Brickellia rosmarinifolia, Mikania
ltensis, Ligularia muliensis, L. sagitta, and Lindera strychnifolia, as well as of 11 from Cacalia tangutica, as ent-11.

he Astereaceae family occupies an important niche in the sagitta,” and Lindera strychnifolia"’ and 11 from Cacalia

Mesxican flora since many of its species are listed in Mexican tangutica.""
traditional medicine. This is the case for Ageratina glabrata
(Kunth) RMKing & H.Rob. (Asteraceae), popularly known B RESULTS AND DISCUSSION
as “chamizo blanco” (white greasewood), which is used as an Soroaiives colions 1 of the il cxtract
analgesic. Such biological activity was established using the b &< PTY
Cl-lzg(';l1 extract of mm‘ t[Yn previous chemical sghdies from the aerial parts of A. glabrata afforded (_)'(3‘?'“{'5&65)'
of the nonpolar extracts from the aerial parts of A, glabrata, 3,5,6—tnhydroxy-l-me}1thene 3-0-p--glucopyranoside (1) and
the presence of thymol derivatives, as main constituents, was (—)—(&S,ﬁ,ﬁk)~3,6—d:hydroxy—I—menthene 3-0-4+ n‘glvtncopyra-
evidenced,”® while to date chemical studies of the polar extracts "f’“‘de (3). The molecular formula of 1 was established as
from this species have not been reponcd. In the present paper, (,,,Hu(),, b)' HRESI/APCIMS, showmg a sodium adduct
the structure elucidation of the new (—)-(3S,4R,5R,65)-3,5,6- molecalar ion at m/z 371.1678 (caled as 371.1676 for
trihydroxy-1-menthene 3-O-f-b-glucopyranoside (1) and the C,,%O,Nal’). It showed a specific rgtation value of —39 in
isolation of the known (—)-(3$,45,6R)-3,6-dihydroxy- 1-menthene MeOH Its '"H NMR dafa (400 MHz, methanol-d,, Table 1)
3-0-f-p-glucopyranoside (3) are reported. Full characterization indicated H-2 as a mult!.plel at 8y 5.69; the H-3, H-6, and
of 1 and 3 was supported by derivatization and subsequent H-5 signals appearing at 8, 4.19 (br d, ] = 7’2 Hz), 3-?' dJ=
spectroscopic studies of 2 and 413, while the absolute con- 3.8 Hz),and 3.5 (dd, ] = 105, 3.8 Hz), respectively; an isopropyl
figuration (AC) for the whole series was established by group at &y 2.17 (septd, ] = 7.0, 3.3 Hz, H-8), 1.06 (d, J=7.0Hz,
P P . of the exper . 1 and calculated vibrational circular CHJ-9), and 1.05 (d, l =70 l’]Z, CH)-IO); and a vmyhc methyl
dichroism (VCD) spectra of 8 and 13, as well as by the Flack and group at &y 1.82 (brt, J = 1.4 Hz, CH;-7). In addition, the seven
Hooft X-ray parameters of 10. Likewise, this stady permitted
the reassignment of the AC of 10 isolated from Brickellia Received:  May 28, 2016

rosmarinifoli \° Mikania saltensi 7I_igulan'a liensi 81',, lari Published: October 11, 2016
© 2016 Amevican Chemical Sockety and
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Figure 1. Menthene glucopy ides 1 and 3, isolated from Agerating

glabrata, and their derivatives 2 and 4—13.

characteristic proton chemical shifts for a f-n-glucopyranosyl
moiety were observed (Table 1). Its C NMR spectrum showed
16 signals; the C-1 and C-2 vinylic carbon signals at 6 137.7 and
125.7, respectively; three oxymethines at 8¢ 750 (C-3), 716
(C-6), and 70.8 (C-5); and the five remaining carbon signals of
the aglycone portion within the & 46.5—19.3 range. The typical
chemical shifts for the carbons ufthn:ﬂuu-glumpynnmyl moiety
resonated in the & 101.6—63.0 region (Table 1), In the COSY
spectrum of 1, H-3 (&, 4.19) displayed comrelations with H-2
(8 5.69) and H-4 (&, 1.84), while H-5 (&, 3.55) showed a
correlation with H-6 (&, 3.81) (Figure 52, Supporting
Information). The HSQC spectrum allowed the unambiguous
assignment of all the protonated carbons as listed in Table 1.
The HMBC spectrum established the positional assignment
since H-6 correlated with C-1, C-2, C-5, and C-7, while H-3
correlated with (-2, C-4, and the anomerie carbon (C-1'). This
analysis indicated the presence of a trihydroxylated menthene
skeleton bearing a glucopyranosyloxy unit at C-3. The relative
configuration of 1 was deduced from the vicinal coupling constant
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values J; ;= 7.9 He, [ ;5= 10.5 Hz, and [ . = 3.8 Hz, as well as from.
the NOESY correlations of H-3 with H-5 and H-6. The "H and
BC NMR spectra were also measored in DMSO-dg and in
pyridine-d; in order to increase the pool of available data for
future comparative purposes (Table 2). In order to confirm the
presence of the hydroxy groups in I, it was peracetylated to
afford compound 2. The HRESI/APCIMS spectrum showed an
[M + Na]® ion at m/z 6232322 (caled as 6232310 for
CysHggONa'), in agreement with the molecular formula
CHyoOyy The 'H NMR data (Table 1) showed six methyl
singlets within the &, 2.12-2.01 range, and the “C NMR
spectrum displayed six carbonyl signals (8 170.9—169.3) and six
methyl signals (8. 21.0—20.6), reminiscent of the incorporation
of six O-acetyl groups.

The molecular formula of 3 was determined as CgH,50; by
HRESI/APCIMS, showing an [M + Na|* molecular ion at m/z
355.1735 (caled as 355.1727 for €, H,,0,Na'). Its "H NMR
(400 MHz, methanol-d,) spectrum showed the characteristic
signals for a disubstituted menthene having one glucopyranosyl
onit. Compound 3 was previously reported from Agerating
anisochroma'” and Telekia spm'm;” however, the structure
clucidation was based only on the 'H NMR data in methanol-
d,."" Herein, the "H NMR data were also recorded in DMSO-d,
and pyridine-d;, while the "*C and 2D NMR spectra were also
measured in methanol-d;, DMSO-dg, and pyridine-d; (Tables 1
and 2). These spectra were useful to confirm the connectivity
and the relative configuration of the molecule. Tts *C NMR
(100 MHz, methanol-d,) spectrum showed 16 signals, inchuding
the C-1 and C-2 vi.l'l}du: carbons at A 13835 and 1271,
respectively, and two oxymethine carbon atoms at & 76.4
(C-3) and 68.2 (C-6). The typical carbon signals of the
P-o-glucopyranosyl unit were observed in the 8 102.1-62.9
range. Analysis of the HSQC and HMBC spectra allowed the
unambiguous assignment of the *C NMR data for 3 (Table 1
and Figures 529 and 530, Supporting Information). Peracetyla-
tion of 3 afforded 4,'2 which confirmed the presence of the
five Irydroxy groups. The HRESI/APCIMS spectrum showed
an [M + Nal® ion at m/z 565.2267 (caled as 565.2255 for
CyH 05 Na") consistent with the molecular formula, CogHoyOy
The 'H NMR spectrum in CDCl; was in agreement with
that reported,'” and the "*C NMR spectrum, which displayed
five: signals (8 171.0-169.3) and five methyl signals
(B¢: 21.2-20.7), is fully assigned in Table 1,

In order to determine the AC of 1 and 3 using the versatile
VCD methodology of the corresponding lqi!concs, these
compounds were subjected to acid hydrolysis.” The specific
rotation and NMR spectra of the sugars arising from these
reactions established the n-glucopyranosyl moieties in 1 and 3,
as carried out for the glycosylated compounds of Agerating
ylindrica™™ Acid hydrolysis of 1 gave the menthene triol
derivatives 5 and 6 (Scheme 1), while none of the expected 3,5,6-
triol dervatives could be detected. This transformation can take
place if, after hydrolysis of the glucose moiety (Scheme 1a),
the protonated hydroxy group at C-3 acts as a leaving group,
generating an allylic carbocation' ar C-3, which can migrate to
-1 with the simoltancous shift of the double bond from the
C-1=C-2 to the C-2=C-3 position. Finally, a H;0 molecule
may stabilize the carbocation at C-1 to yield 5 or 6, depending on
the face of the attack, Alternatively, a concerted mechanism could
also be possible, as depicted in Scheme 1b, in which the attack
at C-1 of a HyO molecule promotes the shift of the double
bond from the C-1=C-2 to the C-2=C-3 position with the
simultaneous ﬂ.cpa.rture of the pcmtonated glm_nse moiety,
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Table 1. NMR Data for Menthene Glucopyranosides 1 and 3 in Methanol-d; and 2 and 4 in CDCI, (& in ppm)

{1 o 3 ++
position be: Ay malt (] in Hz) HMBC (H-C) 8 dyg, mult (] in Hz) HMBC (H-C) & B

I 1377 1326 138.5 1349
Z 125.7 5.69, m 4,6,10 127.1 564, m 46,10 1271 1278
3 750 419, brd (79) L2 7,17 748 410, brd (24) L7 ThA 759
4 465 LB, m 38 428 203, m 36,7 40.8 400
5 TOH 355, dd (105, 3.8) 34,6 69.4 489, dd (114, 4.1) 3,4, 6, AcS 305 264
6 716 381, d (38) L2410 687 539, brd (1) 1,2, 4,5 10, Ac6 682 694
7 08 182, br e (1.4) 1,26 w2 171, brs 1,26 w7 03
B 270 207, septd (70, 3.3) 4589 252 210, m 489 263 250
9 214 106, d (7.0) 47,9 2078 0.98, d (6.8) 479 214 064
0 193 1.0, d (7.0) 47,8 177 049, d (65) 478 17.1 164
/14 1016 +43,d (8.0) 3,8 986 464, d (82) 33,5 1021 988
2" 75.1 3.15, dd (9.0, 3.0) 3 715 496, dd (94, 8.2) 1, ¥, Acl 750 715
¥ 7H1 337, dd (90, 8.0} 24 730 522, 1(94) 24, Ay 782 T30
& 719 33Lm 56 68.6 505, dd (10.0, 2.4) 3, 5, 6, Acd’ 718 687
L TIH 326, m 718 368, m V¥4, 77T iz
&a 630 386, dd (117, 22) 4,5 624 416, m 4,5, At 629 624
&b 368 dd (117, 53) A 415 m ¥, 5, Act’
Acs 1702 1704

2060 200, 5 AcS 2060
Ach r0e

2097 2124 Ach
Ac-2" 1693 1693

20,60 200, Ac2! 2068
Ac3" 1703 1706

2094 206, Acs 2071
Ac4' 1694 169.4

2072 20M, 5 Acd’ w62
Acé’ 106 1710

HLET 206, 5 Act’ 2124

“Measured at 400 MHz for 'H and 100 MHz for "'C using TMS as the internal reference. "Measured at 300 MHz for 'H and 75.4 Mz for VC.

Table 2. NMR Data for Menthene Glucopyranosides 1 and 3 in DMS0-d, and in Pyridine-d; (§ in ppm)”

1" 1 o 3
position 8 By eol (] i H) L By e (J i Fic) B Gy, et ([ i He) L By malt (] in Hx)
1 135.1 137.1 137.1 1389
2 1251 552, brs 1264 603 brs 1255  549,brs 1266 601, bes
3 734 398, br d (94) 751 454, bed (91) T44 393, brd (93) 759 444, be d (30)
4 #0164, ddd (113,94, 18) 464 244, ddd (107,91, 1.9) ¥ Ledm 0¥ 234 m
5 GRS 327, dd (113, 3.8) F 386, bed (10.7) 29.6 1.26,1d (133, 4.1) 3L 1551 {133, 4.1)
S 1.57, dt (133, 2.6) 205, de (133, 28)
6 9 360,d(38) TLH 422 bes 657  376,brs 675 425, bes
7 2046 168, brs 26 19, bes 205  167,brs 24 19 brs
# M7 2l m 265 280, septd (7.0, 1.9) 247 208 septd (69, 3.1) 260 2.54, septd (6.9, 30)
9 09  096,d(72) 2.3 1323, d (7.0) M9 084 d(69) 26 094, d(69)
] 183 083,4d(72) 193 132, d(70) 165 0734 (69) 174 0.93,d (69)
¥ 1003 424, d (85) 1025 509, d(85) 1009 422,d(83) 1030 507 d (8.0)
z 735 2H9, ¢ (8.5) 75T 404, t(85) T3S 290, (K.3) 756 4051 (80)
3 TLL 33 (8S) 792 4321 (8S) T AR (83) 792 4.33,t(80)
& 0S5 303, dd (9.6, 85) 727 423,1(85) T4 303 m 725 4.30,1(80)
L 767 A0 m 78S 400, m %3 306 m BT 398 m
6'a 615 363, dd (115, 1.6) 638 459, brd (11.7) 614 364brd(112) 636 457, bed (11.0)
&'h 336, dd (115, 5.8) 440, dd (117, 44) 339, brd (11.2)7 441, bed (11.0)

“Measured at 300 MHz for "H and 75.4 MHz for C using TMS as the internal reference. "TIn DMSO-d,. “In pyridi

the HOD signal

dy, *Partially overlapped with

The molecular formula of § was established as C5H; 305 by
HRESI/APCIMS, displaying a molecular ion at m/z 1861256
(caled as 186.1251 for CpH0O,"). Its 'H NMR (400 MHz,
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CDCL,) spectrum displayed two vinylic proton signals at 8y 5.62
(ddd, J= 10.1,2.2, 1.4 He, H-2) and 5.68 (dd, ] = 10.1, 2.1 Hz, H-3),
the signals for the oxymethine hydrogens appeared at &, 3.97
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Scheme 1. Putative Reaction Mechanisms for the Hydrolysis
of 1 To Yield Trihydroxymenthene Derivatives 5 and 6:

(a) Stepwise Mechanism Involving Allylic Carbocations and
(b) Concerted Mechanism

a)

" L om
N SHE-_11 ¢ -

0N = oy oM

A 1 i e 15§
6 5 - =

b)

" oH
, Yo Mo
1 % e . | 'lcn- + |'__Zm

| 1

s &

(dd, J = 8.4, 2.7 Hz, 1-5) and 3.73 (dd, ] = 2.6, 1.3 Hz, H-6), the
H-4 methine showed a mutliplet at &y, 2.16, the isopropyl group
showed characteristic signals at & 2.11 (m, H-8), 1.04 (d, J =
6.8 Hz, H-9), and 0.85 (d, ] = 6.8 Hz, H-10), and the 7-methyl
group was observed as a sharp singlet at &, 1.40 (Table 3). Its *C
NMR (100 MHz, CDC,) spectrum showed 10 signals (Table 4),
of which the two vinyl carbon signals appeared at 6. 131.0 (C-2)
and 1294 (C-3), and the signals for three thine carbon
atoms resonated at 8¢ 77.1 (C-6), 68.4 (C-5), and 71.3 (C-1).
The COSY spectrum confirmed the vicinity of FI-5 {8 3.97) with
H-6 (8 3.73) and H-4 (& 2.16). The unambiguous assign-
ment of the C NMR spectrum was done via the HETCOR
and HMBC spectra, which also established the positions of
the fonctional groups in the menthene skeleton. The NOESY
data confirmed the relative configuration through correlations
between H-5 and H-6, as well as between H-4 and CH,-7,
indicating the cis relationship between the hydroxy groups at C-5
and C-6 and between H-4 and CH,-7 (Figure $51, Supporting
Information).

In turn, 6 displayed an [M + Na]" ion at m/z 209.1156 (caled
as 209.1148 for CgH, 304 Na'), in agreement with the molecular
formula, C,gH 40, Althongh the 'H and “C NMR spectra
resembled those of 5 (Tables 3 and 4), there were evident
changes in the chemical shifts of the H-4 (d, 2.19), H-7 (4,
1.29), and H-8 (8, 1.83) signals. The COSY spectrum confirmed
the vicinity of H-5 (8 3.92) to H-4 (8, 2.19) and H-6 (5, 3.66),
while the *C NMR (100 MHz, CDCL,) spectrum exhibited
10 signals, of which the chemical shifts at 6 1324 (C-2),
127.1 (C-3), 75.0 (C-6), 700 (C-5), and 71.1 {C-1) showed clear
differences when compared with those observed for 5. The
HETCOR. and HMBC spectroscopic data were sufficient to
allow the full assignment of all *C NMR signals. The HMBC
spectrum displayed correlations of H-6 (#,, 3.66) with C-1 (5
711}, C-2 (6 132.4), and C-4 (8 47.4), while H-5 (8, 3.92)
showed correlations with C-3 (8 127.1) and C-4 (8 47.4). The
relative configoration was established using the NOESY
correlations of H-6 with 11-5 and H-7 indicative of the all-cis
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Table 3. 'H NMR Data for Menthene Derivatives =13 in CDCl, (§ in ppm, J in Hz)

13"

544, ddd (104, 27, 1.7}

5.58, dt {104, 1.8)

213, m

12*
555, ddd (104, 24, 16)

5.5, ddd (104, 2.8, 1.0)

o=
551, dd (104, 1.4)

547, be d (10.4)
228, br d (95)

|

207, dddd (140, 5.1, 37, 2.0)
142, ddd (140, 11.4, 2.0)

408, de (37, 2.0)

129, s

2,19, ddt {14.4, 5.6, 2.8)
184, ded {14.2, 5.8, 1.0)

163, £ {142)
376, dv (5.6, 1.6)

126, 8

2.4, ddt (124, 6.8, 3.0)
183, ddd (13.6, 6.3, 3.2)
1.73, ud (13.6, 7.6)

340, dd (7.4, 32)

130, s

5,62, ddd (100, 2.4, 0.8)

571, dd {10.0, 3.0)

dd (7.6, 355
d (7.8)

5

5,79, dd (100, 3.6)
5.57, dd (100, 2.6)

1, m
413,
#03,

1.6

dd (104, 22)
brt (22)

553, m
548, &d (105, 11}
260, br d (10.5)

459
4.08

412, br e {1.6)

1388

3.58,br d (95)

5.62, dd (104, 2.8)

219, m
392, dd (5.6, 24)

366, br d (24)

565, dd (104, 1.2)
129, 5

562, ddd (104, 2.3, 14)
568, &d (10,1, 21)

216, m
197 &d (8.4, 27)

373 &d (16, 1.3)

La0, s

2
3
-
S
58
I

138 s

1,66, septd (67, 1.6}

050, d {6.7)
0.88, d (6.7)

162, m

170, m

1.88, m

septd (7.0, 2.8)
d {7.0)
0.78, d (7.0)

140, 5

1.83,
1.00,

220, septd (7.0, 2.5)
106, d (7.0}
0.8, d (7.0)

14,8
38,

1,83, ssptd (68, 1.2)

100, d (68)

i1, m

0.88, d (68)
047, d (68)

093, d (.00
052, d (7.0)

1.00, d (6.8)

1.04, & (68}
0.85, d (6.5)

g

4 (638)
148, d (0.6)

0.95

0.59, d (6:8)

1

138, br s (04)
136, br s (04)

d (0.8)

38,

1.

139, 5
16,8

“Measured at 400 MHz using TMS as the internal reference. "Measured at 300 MHz.
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Table 4. "*C NMR Data for Menthene Derivatives 5—13 in CDCl, (8 in ppm)

= 5 & E
1 713 TL1 80.0
2 1310 1324 1313
3 1294 127.1 125.0
4 446 474 437
5 64 710 69.3
[ T 750 84
7 255 266 149
8 270 286 259
9 208 212 208
10 177 15.0 17.0
11 1086
12 37
13 175
Ach

8" o n* 1z* 13"
109.0 719 709 02 775
1316 1349 1319 1319 1509
1247 1272.7 1321 1311 1302
403 451 384 375 356
706 T4 287 23 6
HOLO 23 734 T 78S
44 235 25 270 48
261 W06 318 315 312
w5 201 199 196 193

170 19.0 198 194 190
s02 1083 107.3
277 268 276
275 250 75
1708
213

“Measured at 100 MHz. "Measured at 754 Mz using TMS as the internal reference.

orientations of the hydroxy groups at C-1, C-5, and C-6
(Figure 557, Supporting Information).

To gain chemical support for the positional assignment of the
hydroxy groups at C-1 in 5 and 6, the corresponding acetonide
derivatives were prepared. Thus, triol 6 afforded acetonide 7,
established as C,3H,,0, by HRESI/APCIMS, displaying an
[M + NH,|' ion at m/z 244.1908 (calcd as 244.1907 for
Cy3H05 + NH,®). Its "H NMR (400 Mz, CDCLy) spectrum
displayed a significant low-field shift of H-6 (8, 4.12) and
showed two methyl signals at dyy 1.41 and 1.38 arising from the
acetonide moiety. The signal for H-5 was observed at 6 A58 asa
broad doublet (] = 9.9 Hz) (Table 3), while the COSY spectrum
showed correlations of H-5 (&, 3.58) with H-6 (# 4.12) and
B4 (8 2.28). The "C NMR (100 MHz, CDCl,) spectrum
displayed the three signals at & 108.6 (C), 27.7 (CH,), and 27.5
(CH,) of the acetonide moiety. Significant differences in the C-1
and C-6 chemical shifts of 7 with respect to 6 were observed,
confirming that the acetonide group was located at C-1 and C-6
and not at C-5 and C-6 (Table 4). The HETCOR and HMBC
spectra facilitated the unequivocal assignment of the carbon
signals of the menthene skeleton of 7 (Figures 565 and 566,
Supporting Information ), while the presence of the C-5 hydroxy
group was chemically confirmed by formation of the
corresponding acetylated acetonide menthene derivative %
(Tables 3 and 4). In turn, menthene triol 5 gave acetonide 9.
Its '"H NMR spectrum (300 MHz, CDCl,) showed significant
differences in the chemical shifts in comparison with 5. Both H-2
and H-3 appeared as double doublets at &, 5.7% (1H, dd, ] = 10.0,
3.6 Hz), and 5.57 (1H, dd, | = 10.0, 2.6 Hz). The oxymethine
hydrogen atoms resonated at &, 4.13 (1H, dd, J = 7.6, 5.5 He,
H-5) and 403 (1H, d, = 7.6 Ha, H-6), which indicated the
presence of the acetonide group at OH-5 and OH-6. The two
signals for the acetonide methyl groups were observed at 5y, 1.48
(d, J = 0.6 Hz) and 1.38 (d, ] = 0.6 Hz) (Table 3). The “C NMR
spectrum (75.4 MHz, CDCI,) showed 13 signals, including the
carbon signals for the acctonide group at 8. 1083 (C), 26.8
(CH,), and 25.0 (CHL,). Significant differences for C-S (8, 74.4)
and C-6 (§; 82.3) were observed in comparison with those of 5,
suggesting the formation of the C-5/C-6 acetonide (Table 4).

In contrast to compound 1, acid hydrolysis of menthene
glicoside 3 gave the expected menthenediol 10, together
with epimeric compounds 11 and 12, Diol 10 was obtained as
colorless needles (mp 166—168 °C) and had a specific rotation

of +10 (¢ 0.54, MeOH). The 'H and "“C NMR data were
identical to those obtained for the compound isolated from
Ligularia sagitta,” although no specific rotation values were
reported. Comparison of the AC and the specific rotation data of
10 and ent-10 with reported data showed some inconsistencies,
The first report of the AC determination of 10 (lit.'® [a],, +28)
referred to its preparation by reduction of 3,6-endoperoxide-1-
menthene isolated from Chenapodium multifidum.'* The authors
assumed the (+)-(385,48,6K)-3,6-dihydroxy-1-menthene (10)
structore by comparison of the specific rotation with that of
(—)-ent-10, which was prepared from (—)-(R )-u-phell:ndrene,”
The same reaction sequence was also used to define the
configuration of several menthene derivatives."® ™ Nonetheless,
in a chemical study of Mikania saltensis,” ent-10 was reported
with a dextrorotatory specific rotation of +114 (at unspecified
wavelength), contrasting with the results from the study of 10
from Chenopodium multifidum.'® In more recent papers on the
medicinal plants Brickellia rosmarinifolia,” Ligularia muliensis,”
Ligularia sagitta,” and Lindera strychnifolia' and on the mixture
of Amomium tsao-ko, Arfemisia scoparia, Chrysanthemum indicum,
Eupatorium fortunei, and Houttuynia cordata contained in a
Chinese multiherb remedy,” the AC of the 3,6-dihydroxy-1-
menthene 10 was defined on the basis of the data given in the
chemical study of Mikania saltensis,”

Compound 11 was obtained as colorless oil, whose molecular
formula was confirmed as C;,H,,0, by HRESI/APCIMS
displaying an [M + NH,|" ion at m/z 1881637 (caled as
188.1645 for C,gH 30, + NH'). This compound had a specific
rotation of +58 (0.9, CHCL,). lIts structure was supported by the
'H, C, and 2D NMR data, In particalar, the NOESY spectrum
showed a cross-peak between H-4 and CH,-7, which accounted
for their cis relationship. The 'H and “C NMR spectroscopic
data of 11 (Tables 3 and 4) were similar to those of em-11 (lit.”*
[a], —46, ¢ 1.0, CHCL,), which was obtained by microbial
transformation of (—)-(R)-z-phellandrene.™ However, in the
chemical study of Cacalia tangutica,'' 11 is reported to possess
a levorotatory specific rotation of —24 (¢ 1.38, CHCL,), which is
in disagreemnent with the current results.

The menthenediol 12 was obtained as colodess oil with a
specific rotation of +43 (¢ 0,65, CHCL,). The NMR spectros-
copic data (Tables 3 and 4) were similar to those of an isolate
from the essential oil of Chenapodium multifidum (lit.™ [a],, +40,
¢ 0.92, CHCLly). The relative configuration of 12 was confirmed

2574 DOE: V0T Mtk jraatped SROCATE
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by NOESY (Figure $93, Supporting Information) data, since
a cmwpak was observed between H-6 and CH,-7. Also, the
acetonide 13 showed [a];, +13 (¢ 0.57, CHCL,).
llm desivative was also prepared in the C. multifidum study;
however, the specific rotation was very different
(it.™ [a], —143, ¢ 0.25, CHCl,) from that of our compound.
Because of all these discrepancies, the AC of natural and
prepared menthene derivatives 1—13 needed more scrutiny,
and therefore the deter of the AC by VCD of selected
derivatives was undertaken. This spectroscopic technique
requires a comparison of both the experimental and calculated
VCD and IR spectra and has been successfully emjgloyed in the
AC determination of many monoterpenes. Molecular
models of (18,48,5R,6R)-8 and (18,4S,6R)-13 were built, and
their conformer distribution was explored with the Monte Carlo
protocol using the Merck Molecular Force Field”® An energy
window of 10 kcal/mol produced nine conformers for 8 and six
for 13. Those conformations within a 5 kcal/mol energy range,
three for 8 and five for 13, were subjected to single-point DFT
energy calculation at the B3LYP/6-31G(d) level of theory,
foll d i ion at the B3LYP/DGDZVP
level” for those stmctums s within an energy range of 3 kcal/mol,
This procedure yielded three conformers for both 8 and 13,
corresponding to the three rotamers of the isopropyl group,
as depicted in Figures 2 and 3, where it can be visualized that

Sa (P =947%)

8 (F=4.7%)

Bc (P =04%)

Figure 2. Most relevant conformers of (+)-(15,48,5R,6R)-5-acetyloxy-
1,6-dihydroxy-2-menthene 1,6-acetonide (8), accounting for 99.8% of
the conformational population,

the cyclohexene ring exists in a single conformation. Table 5
summarizes the thermochemical data for the 8a—c and 13a—c
conformers, respectively. The IR/VCD frequencies were cal-
culated for the three rotamers, and the conformational popul

13a (P =30.1%)

136 (7= 22.4%)
1B (P = 17.4%)
Figure 3. Most relevant conformers of (+)-(1545,6R)-1,6-dihydroxy-2-
hene 1,6:ac ide (13), ing for 99.9% of the conforma-
tional population.

Table 5. Thermochemical Analysis of (+)-(15,45,5R,6R)-5-
Acetyloxy-1,6-dihydroxy-2 hene 1,6-A ide (8) and
(+)-(18,48,6R)-1,6-Dihydroxy-2-menthene 1,6-Acetonide (13)

conformer  Abygqr”  Yowy  Alpe”  Afge”  AGop” Mo
8a 0.00 80.6 0.00 88.6 0.00 947
Bb 089 178 126 104 176 4.7
8¢ 235 1S5 270 09 319 04
13a 000 47.1 0.00 2.3 0.00 50.1
13b 007 412 005 384 025 324
13¢ 085 112 047 190 0.62 174

“Molecular mechanics energies relative to 8a, Eypgr = 42183 keal/mol,
and to 138, Eyagen = 37924 keal/mol. *Population in % calculated from
the MMFF energies according 1o AEppy &~ — RT In K. “Single: point
B3LYP/6-31G(d) energies relative to 8a, Fgyigq) = —556 589.884
keal/mol, and to 13a, Egya) = ~413 573.847 keal/mol. “Popula-
tion in % calculated from B3LYP/6-31G(d) energies according to
AEg 3,0 % — RT In K. “Gibbs free energies relative to 83, Goaogyp =
556 438.652 keal/mol, and to 13a, Gpepzys = —413 441.275 keal/mol.
jl’opulaljon in % calcolated from Gibbs free energies according to
AG = —RTIn K.

of 8 and 13, respectively, while Figures 4 and 5 demonstrate the
agr of the experi | and calculated VCD and IR
spectra for 8 and 13, respectively.

Visual comparison of experimental and calculated VCD
spectra is in general sufficient to decide if the calculated
enantiomer is the correct one, although statistical methods are
helpful to quantitatively evaluate the agreemenl The quantitative
ion of the spectral si was ac lished

tions were obtained by means of the AG = —RT In K equation to
the Boltzm ged IR and VCD spectra, Figures 2
and 3 show the energy str of the confe
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usmg the CompareVOA algorithm™ (BloTooIs lnc ,juplter, FL,
USA), which compares the integrated overlap of the experimental
and calculated data. The optimal anharmonicity factors (anH)

DOK; 10,1024/ jrskyeod SH00491
1 Nat, Prod. 7016, 79, 2570579
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Figure 4. Comparison of the cxperimental and BILYP/DGDZVP-
caleulated VO and IR spectra of (+)-(15,48,5R,6R)-S-acetyloxy-1,6-
dihydroxy-2-menthene 1 6-acetonide (8).

and the VCD spectroscopic similarities for the correct (8;) and
the incorrect enantiomers (5._,.) of each compound are listed
in Table 6, together with the enantiomer similarity index (ESI)
values, indicating that the structures of (1S45,5R,6R)-8 and
(1548,6R)-13 have the correct AC [100% confidence (C)]
according to the employed algorithm.™

During the exploration of VCD spectroscopy of natural
products we have found that a specific spectrum is not straight-
forwardly comparable to others, espedially if there are changes in
one stereogenic center or when an additional stereogenic center
is added. These differences are valuable because the method,
besides distinguishing between enantiomers, is also capable of
differentiating among sterecisomers, as has been done for mono-
terpenes,”” sesquiterpenoids,™™" diterpenoids,”” and a triterpe-
aoid,™ or between closely related compounds as in the present
study. The normal modes of vibration of the calculated VCD
bands for 8 and 13 were contrasted with those found in their
respective experimental spectra. Also, the main differences
between the experimental spectra of 8 and 13 were in good
agreement with the expected vibrational changes when going
from one compound to the other. The negative band labeled as
10 in compound 8 (Figure 4) is due to the O—CO stretching of
the acetyl group, which is absent in 13 (Figure 5), In compound
13, negative bands 4 and 10, 11 (Figure 5) are mainly due to

e = 00

Otearved R 400
a0
m E
100 i
00 0
Calculated IR
500
é‘ 400
5 300
200
g 100
0 4
1800 1400 1200 1oog

A |
Viom

Figure 5. Comparison of the experimental and B3LYP/DGDZVP-
calculated VCD and TR spectra of (+)-{1545,6R)-1,6 dibydroxy 2-
menthene 1,6-acetonide (13).

Table 6. Confidence Level Data for the IR and VCID Spectra of
8 and Two Epimers of 13, Calculated at the BALYP/DGDZVP
Level of Theory
compound amH! 5" & 87 BT o (w)
(1545,5R6R)-8 098 965  BL7 119 698 100
(15456R)-13 098 926 BS54 ®0 TIA 100
(IRAS6R)-13 088 YA T 4T -85 44F
“Anharmonicity factor. bR xcm similarty, “VCD spectra similarity
for the correct enantiomer. “VCD spectra similarity for the incorrect
enantiomer. “Enantiomer similarity index calculated as 5 — §_ g
JConfidence level for the configurational assignments. #These values
indicate that the (IR,‘IS,GR)-ﬂmol'sﬂmﬂ is not the correct one for 13
and that its experimental and calculated VCID spectra do not match.

bending of the C-5 methylene (scissoring and wagging,
respectively), while the positive band 16 arises from the twisting
vibration of this same methylene group. In addition, the negative
band labeled as 17 in 13 originates from vibrations associated
with the C-4—C-5 and C-5-C-6 stretching motions, which are
modified in 8. The positive bands labeled as 11 in 8 and 13 in 13
are due to the O-C—0O stretching of the acetonide groups
present in both compounds. To facilitate this comparison,

DOk 10,1021 farcs jratproed SDO0491
L Mai. Frod 3076, 79, 75702579
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Figure 6. X-ray crystal strocture of (+)-(3545,6R)-3,6-dihydroxy- 1-menthene (10).

overlays of the calculated and experimental VCD spectra of
compounds 8 and 13, as well as superimposition of both
experimental spectra, are included in the Supporting Information
(Figures 5103—5105, respectively). The VCD methodology is
sensitive enoogh to differentiate between epimers because the
change in one stereogenic center is immediately reflected by
the CompareVOA values ™ * This was tested again for 13 by
calculating the VCD spectrum of its C-1 epimer since this
stereogenic center was created from C-1 in 10, The results were
conclusive, as can be observed in Table 6 when comparing the
correct (1545,6R)-13 vs the incorrect (1R45,6R)-13 dister-
COISOMET.

In addition, a single crystal of 10 was obtained by recrystalliza-
tion in acetone and was measured on an X-ray diffractometer
equipped with Cu Ker monochromated radiation and collecting
one-half of the data sphere. The structure was solved by direct
methods and refined to a discrepancy index of 3,39& The data
set was also used to calculate the Flack parameter,™ which for the
en.anmmn:r shown in Figure 6 was x = 0.0(3), and the Hooft
parameter,”* which was y = 0.09(10). For the inverted structure,
these parameters were x = 1.0(3) and y = 0.91(10), respectively,
confirming that the correct enantiomer is the one depicted in
Figure 6. In a previous stody, the X-ray diffraction analysis of 10
was undertaken, but its AC was not determined.*”

In summary, the AC of the new compounds 1,2, 5-9, and 11
was defined by the VCD methodology and X-ray diffraction
analysis. The data provided herein for the AC of (+)-(35,45,6R )-
Jﬁdi.hydm:f-l-mmlhcne (10) indicate that this substance,
pre isolated from Eﬂc]aziim rosmarinifolia,” Ligulatia
mu!lms:s, Ligularia sagitta,” Lindera strychnifolia,"" and Mikania
saltensis,’ as well as from the Chinese multiherb rmcdym
needs AC reassignment according to its specific rotation data to
agree with either (+)-(3545,6R)-10 or (—)-(3R4R,68)-10. Also,
the AC of 11, isolated from Cacalia tangutica,'" is reassigned as
(—)-(154R,65), while 11 from the present study corresponds to
the (+)-(1R,45,6R) enantiomer. The AC of 13 was established
as (+)-(18485,6R) from its dextrorotatory specific rotation,
The present results are useful to assign the AC for menthene
derivatives since the employed methods have been proved to be
accurate.

B EXPERIMENTAL SECTION

General Experimental Procedures, Melting points were
determined on a FisherJohns apparatus and are uncorrected.
Optical rotations were recorded in CHCl, or MeOH solutions on a
PerkinElmer 341 polarimeter. 11 and 210 NMR spectra were measured
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at 300 or 400 MHz for 'H and at 754 or 100 MHz for C on a
Varian Mercury 300 or 400 spectrometer, respectively, from CDCly,
methanol-dy, DMSO-dg or pyridine d; solutions using tetramethylsilane
(TMS) as internal reference. Chemical shift values are reparted in ppm,
and coupling constants (J) are in Hz, HRESIMS data were acquired on
an Agilent LCTOF instrument at the UICR Mass Spectrometry Facility,
University of California, Riverside, Silica gel 230—400 mesh (Merck)
was used for column chrematography.

Plant Material. Ageratina glabrata (Kunth) R.M.King & H.Rob,
specimens were collected during the flowering stage, on February 28,
2012, near km 4.5 of the Patzcuaro—3Santa Clara del Cobre federal road
no, 200, N 19°29.516" W 10135273 at 2285 m above sea level,
A voucher specimen (Mo, 226133) was deposited at the Herbarium
of Instituto de Ecologia, A. €., Centro Regional del Bajio, Pitzcnaro,
Michoacin, Mexico, where Prof. ferzy Rzedowski identified the plant
material.

Extraction and Isolation. Leaves (500 g}, flowers (460 g), and
stems (470 g) from A. glabrata were individually macerated with hexanes
(33 2L), CHyCl, (3 % 2 L), and MeOH (3% 2 L) al room temperature
fior 3 days cach. Filtration and evaporation of the MeOH extracts yiclded
80 g (16%) from leaves, 83 g (18%) from flowers, and 38 g (8%)
from stems. Aliquots of extracts from leaves (40 g), flowers (20 g),
and stems (35 g) were column-chromatographed wsing FtOAc—
MeOH mixtures in ascending polarity, affording 3 (100 mg 0.25%)
at 41 EtOAc—MeOH and 1 (40 mg, ML1%) al 7:3 BOAc—MeOH,
An additional purification of 1 employing alumina as the support and
acetone as the eluent was required,

Acetylation Reactions. Aliquots of 1 (20 mg) or 3 (50 mg) were
dissolved in pyridine (1 mL}, and AcyO (1 mL) was added. Each reaction
mixture was heated at 45 "C for 4 b In tum, a solution of 7 (‘wm.g)
in prriliine ('I ml‘) was mixed with Ac,O (I mr,:l and left at room
temperature for 3 h. Each reaction mixture was poured over ice—,0
and extracted with CH,Cl, and the organic layer was washed with
aqueous 10% HC, Hy0, aqueous NaHCO,, and H,0), dried, filtered, and
evaporated. The crude reaction products from 2 (17 mg) or 4 (45 mg)
were column-chromatographed using silica gel. Elution with hexanes—
EtOAc (4:1) afforded 2 (15 mg, 44%), while elotion with hexanes—
EtQAc (9:1) afforded 4 (40 mg 44%). The residue from the acetylation
of 7 was filtered and evaporated to yield 8 (11 mg, 46%).

{~)-{35,4R,5R,65)-3,5,6-Trihydroxy-1-menthene 3-0-fi-o-gluco-
pyranoside (1); coloress oil; [a] g, <39, [@]y ~41, (@], —49 (08,
MeOH); TR b, 3372, 2022, 1652 cm '} '"H NMR (400 MHs,
methanol-d,) and "C NMR ( 100 Mz, methanol-d,) data, see Table 1;
NMR data in pyridine-d, and DMSO-dj, see Table 2; HREST/APCIMS
miz 3711678 [M + Na]" (caled for €, HyyO, + Na', 371.1676).

{—)-{35,45,5R,65)-5,6-Diacetyloxy-3-hydroxy-1-menthene 3-0-
(2,3 4 &' -tetra-O-acetyl)-fi-o-glucopyranoside (2): colorless oil;
[wloon ~2, [l —2 [a],., <10, (] gy — 16, [12] 5, =20 (c 0.6, (:Hu,);
TR Uy 1754 (OAe) em™'; "H NMR (300 MHz, CDCL,) and “C NMR
(754 M, CDCL) da.n, see Table |; HRESI/APCIMS m/z 6232322
[M + Na]* (ealed for CogHygld s + Na', 6232310),

DOH: 1 6.0 e s et D05
4 et el 016, 79, 25702579
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f—J—ﬁS.*S,GRH,c‘»DMmy T-menthene 3-0-f-o-glucopyrano-
side (3): colorless oil; [l —58, [@lge —61, (@l —69 (¢ 16,
MeOH); TR v, 3383, 2953, 1646 cm; T NMR (400 Mz,
methanol-d,) and "C NMR (100 MHz, methanol-d,) data, see Table 1;
NMR data in dy and DMSO-d,, see Table 2; HRESI/APCIMS
m/z 3551735 [M + Na]* (caled for C 0, + Na', 355.1727).
(—)-(35,45,6R)-6-Acetyloxy-3-hydroxy- 1-menthene 3-0-(2',3' 4.6 -
-f-o-glucopyranoside (4): amorphous powder; mp
108110 °C; [a)sw 35, la)om —48, [@lo —56, [@liss 90, [a)se
—133 (¢ 0.6, CHCL); TR 2, 1752 (OAc) cm™; "H NMR (300 MHz,
CDCL) and “C NMR (754 MHz, CDCly) data, see Table 1;
HRESI/APCIMS m/z 5652267 [M + Na]* (caled for CogH Oy, + Na',
565.2255).

Acid Hydrolysis of 1. A solution of 1 (45 mg) in aqueous 2% HCI
(3 mL}) was stirred at room temperature during 30 min. The reaction
mixture was extracted with EtOAc, and the organic layer was washed
with H,0, agueons NaHCO,, and H,0, dried, filtered, and evaporated,
The residue was column-chromatographed using silica gel and hexanes—
EtOAc mixtures as the eluent. Fractions 5—8 (hexanes—EtOAc, 1:4)
afforded 6 (10 mg, 41%), and fractions 10-13 (hexanes—FtOAg, 1:4)
gave 5 (9 mg, 37%). To recover the sugar fraction, the aqueous layer
was neotralized with 10% KOH, extracted with p-BoO11, and washed
with H,0. The solvent was removed under reduced pressure to yield a
mixture of - and fF-o-glocopyranose in a 36:64 ratio ("H NMR), which
was purified by column chromatography using silica gel and eluting with
AcOFEr-MeOH, 1:1. The residue was dissolved in H,() and fltered
throughout a 0.2 gm nylen membrane. The sugar identity was vesified
by "H NMR in D0 and a specific rotation of +48 (¢ 04, H,0) in
comparison with an authentic sample.

Acid Hydrolysis of 3. A solution of 3 (60 mg) in 2% HCI
(3 ml.) was treated as done for 1, The reaction residue was column-
chromatographed with silica gel and hexanes—EtOAc mixtures,
Fractions 4—2 (h EtOAc, 3:2) afforded 12 (8 mg, 26%), frac
tions 11—14 (hexanes—EtOAc, 1:1) yielded 11 (7 mg, 23%), and frac-
tions 16—19 (hexanes—FIOA, 2:3) gave 10 (15 mg, 49%). The sugar
identity was established as p-glucose following the same procedure,
as described above, for the acid hydrolysis of L

Preparation of Acetonide Derivatives. Solutions of 5 (25 mg),
6 (25 mg), or 12 (20 mg) in acetone (2 mL) were treated with
p-toluenesulfonic acid (8 mg). The reaction mixtures were stirred for 2 h
at room temperature and extracted with CH,ClL,. The
organic layers were washed with H,0), dried, filtered, and evaporated to
yield 7 (20 mg, 65%), 9 (19 mg, 62%), and 13 (11 mg, 45%).

(1R 45,5R,6/)-1,5,6-Trihydroxy-2-menthene (5): coloress oil;
[e]gs +33, [ar]gon +34, [x] s +38, []ass + 64 (€ 03, CHCL); IR gy,
3605, 2964, 2875, 1635, 1051 cn; "H NMR (400 MHz, CDCl,) and
*C NMR (100 MHz, CDCL,) data, see Tables 3 and 4; HRESIMS m/z
186.1256 [M]* (caled for C,gH,,0,", 186.1251).

[+)-(15,45,5R,6R)-1.5,6-Trihydroxy-2-menthene (6): coloress oil;
[e2]sas +64, [02] 57 +66, o] +75 (£ 0.7, CHCL); TR v, 3416, 2963,
2875, 1625 cm™'; 'H NMR (400 MHz, CDCL) and "“C NMR
(100 MHz, CDCL) data, see Tables 3 and 4 HRESI/APCIMS m/z
200.1156 [M + Na|" (ealed for CgH 50, = Na'®, 209.1 148),

{(+)-{15,45,5R,6R)-1,5,6-Trihydroxy-2-menthene 1,6-acetonide (7);
colorless oil; [o]yy +34, @] #35, [ales +38, [a]g +69 (c 01,
CHCL); IR v, 3585, 2938, 2854, 1098, 1003 em™; 'H NMR
(400 Mz, CDCL) and “C NMR (100 MHz, CDCL) data, see
Tables 3 and 4; HRESIMS m/z 244.1908 [M + NH,]* (caled for
CysHp Oy + NH,', 244.1907).

(+)-(15,45,5R,6R)-5-Ac 1,6-dibydroxy-2-menthene 1,6-ace-
tonide (8): colorless oil; [aim +62, [ ] +64, (1] ogs +73, [@] g +I24
(e 0.6, CHCL); IR b, 2958, 2925, 2869, 2851, 1730, 1465 an
'EL NMR (300 MHz, CDCL,) and ''C NMR (754 MHz, CDCI,) data,
see Tables 3 and 4; HRESI/APCIMS m/z 286.2001 [M + NH,]" {calcd
for CsH,, 0, + NH,', 286.2013),

{+)-(1R,45,5R,6R)-1,5,6-Trihydroxy-2-menthene 5,6-acetonide (9):
colorless oil; [a] g +15, [alyy 416, [@]y, +18 (c 03, CHCL); IR v,
3596, 2962, 2876, 1655, 1060 cm™'; 'H NMR (300 MHz, CDCL) and
C NMR (754 Mz, CDCL,) data, see Tables 3 and 4; HRESI/
APCIMS m/z233.1733 [M 4 Li]" (caled for € H,, 0, + Lit, 233.1723).

{+}-{35,45,6R)-3,6-Difydroxy-1-menthene (10} colorless needles;
mp 166168 *C (MeOH); [a], = +10 (c 0.5, MeOH). 'H and "*C
NMR data were identical to those ed.”

(+)-(1R,45,6R)-1,6-Dihydroxy-2-menthene (11): colorless oil;
[@)ser +58, [alom +61, [@]sss +69, [a]yss +122 (¢ 09, CHCL); IR
Ve 3600, 2961, 2874 cm *; 'H NMR (300 Mz, CDCL) and “C
NMR (75.4 MHz, CDCI,) data, see Tables 3 and 4; HRESI/APCIMS
miz 188.1637 [M + NH, " (caled for CygH 0, + NH,, 188.1645).

(+)-(15,45,6R)-1,6-Difydroxy-2-menthene (12): [al,, +40 (c 092,
CHCL) and "H NMR (60 MHz, CCL) data as per ref 23; colorless oil;
[l ggn +43, []rs +45, [a]ssq +52 (c 0.7, CHCly); "H NMR (300 MHz,
CDCHL) and C NMR (75.4 MHz, CDCLL) data, see Tables 3 and 4.

(+)-(15,45,6R)-1,6-Difrydroxy-2-menthene 1,6-acetonide (13); col-
orless oil; [e]sge +13, [t]so + 14, [a]seq +16, [a] 454 431 (06, CHCL);
'H NMR (300 MHz, CDCL,) and “C NMR (75.4 MHz, CDCL,) data,
see Tables 3 and 4; HREIMS m/z 195.1387 [M — CH,]* (caled for
CH,0,", 195,1380),

X-ray Diffraction Analysis of 10. The data were collected on a
Bruker MNonius CAD4 diffractometer using Cu Ka monochromated
radiation (4 = 1.541 84 A) at 293(2) K in the m/26 scan mode. Crystal
data were CgHgOy M = 17024, monodinic, space
a- 17.843(4) A, b= 7.102{1) A, ¢ = sn:-z(zJA f= ||rz.1'r(3} r.leg,

= 1005.1(3) A 2 = 4, p = 1125 mg/mm’, p = 0.604 mm™', total
n-flu:ctkms =1650, unique reflections 1353 (R, 0.01%), ubserml
reflections 1304. The structure was solved by direct methods using the
SHELXS-97 program included in the WinGX v1.70.01 crystallographic
software package. For the structural refinement, the non-hydrogen
atoms were treated anisotropically, and the hydrogen atoms, incdluded in
the structure factor caloulation, were refined isotropically. The final B
indices were [I > 2a{1)] R = 3.3% and w2 = 8.3%. Largest difference
peak and hole were 0.144 and —0.133 ¢ A% The Olex2 v1.1.5 software™”
permitted calculation of the Flacd™ x = —00{3) and the Hooft™
¥=0.1(1) parameters, For the inverted structure these parameters were
x= 10{3)and y = 1.0(1), respectively. Crystallographic data (excluding
structure factors) have been deposited (Mo, 1470326) at the Cambridge
Crystallographic Data Centre. Copies of the data can be obtained free
of charge on application to the CCDC, 12 Union Road, Cambridge CB2
TEZ, UK. Fax: +44-(0)1223-336033 or e-mail: deposit@ccde.cam.acuk,

Vibrational Circular Dichroism. VCD and IR measurements were
done on a BioTools dualPEM ChirallR FT spectrophatometer, Samples
of 8 and 13 (4 and 10 mg, respectively) were dissolved in CDCI,
(150 pl.) and placed in BaF; cells with a path length of 100 gm. Data for
8 and llwquuirtdatamlutian of 4 cm™ for 7 and & h,
respectively. The baseline was provided by subtracting the spectrum of
the solvent under the same conditions. The stability of samples
was monitored by "H NMR measurements immediately before and after
VCD measurements,

VCD Calculations. For the calculated VCID and TR specira, Monte
Carlo search protocols were carried out for 8 and 13 using the Merck
Molecular Force Field (MMFF94) as implemented in the Spartan'04
program. An energy cutoffof 10 keal /mol was considered, which yielded
nitie conformers for 8 and six for 13, All conformers were examined
to discard doplicates. The single-point energy of each conformer was
calculated with the DFT BILYP/6.31G{d) level of theory in the
Spartan’04 program, giving three low-energy conformers for 8 and
five for 13, These structures were geometry optimized with DFT at
the BILYP/DGDZVP level of theory employing the Gaussian 0W
program, The minimized structures in the first 3 keal /mol, three for each
compound (Table 5), were used to calculate the thermochemical
parameters and the TR and VCD frequencies at 208 K and 1 atm. The
six minimum energy struclures were verified for the presence of no
imaginary frequencies, and their relative free energies were employed
to calculate their Boltzmann population. The Boltzmann-weighted
IR and VCD spectra for each compound were calculated considering
Lorentzian bands with half-widths of 6 em™", Molecular visualization
was carried out with the GaussView 3.0 program, Geometry optimiza-
tion and vibrational calenlations required some 12 h computational time
per conformer when using a laptop computer operating at 2.20 GHz
with 8 Gb RAM.
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ABSTRACT: A methodology to determine the enantiomeric
excess and the absolute configuration (AC) of natural
hymols was developed and tested using five constituents

of Ag:ralma glabmta " The methodology is based on

ic determi employmg 1,1"-bi-2-naph-
thol (BINOL) as a chiral solvating agent combined with
vibrational circular dich (VCD) and

calculations. The conformational searching included an
extensive Monte Carlo protocol that considered the rotational
barriers to cover the whole conformational spaces. (+)-(85)-

10-B: : ‘L 1, 1

and (+)- (&9) lO-benmyloxy—Gmethoxy-s&epoxythymol |sobutyrate (5) were isolated as
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Tind

d the limit of sensitivity since the enmuomenc excess is only 12%. The racemization process of
i d 1 and all

i the clarification of some stereochemical aspects of

sing: «
epoxythymol derivatives since their ACs lnve bem scarcely analyzed and a particular behavior in their specific rotations was

~JAL

detected. In more than 30

g ives, including some epoxythymols, the reported specific rotation values

fluctuate from —~1.6 to +1.4 pmng through 210, suggesting the presence of scalemic and close to racemic mixtures, since

enantiomerically pure

d positive or negative specific rotations greater than 10 units.

poxythymol derivatives constitute a widespread group of
penoids with functionalizati at C-3,

C-6, C-7, and/or C-10, which include hydroxy or ester groups,
as well as an oxirane ring at C-8/C-9. Sixty epoxythymol
derivatives with these structural characteristics have been
reported from 67 vegeul species distributed in 32 genera of
the family Asteraceae.' Despite lhe fact that there is a
considerabl ber of epoxythymols, with some of them
showing relevant biological actiwtles, only the absolute
configurations (ACs) for two members of this group have
been described.” Also, the specific rotation of these substances

Ageratina glabrata, A.r.yluldnra, Arnica acaulis,” Brasilia sickii,”
and Inula crithmoides.'® Surprisingly, epoxythymol dervatives
isolated from Eupatorium stoechadosmum'' and Piptothrix
areolare'” were described as racemic mixtures. The presence
of natural epoxythymol racemates in the latter species was
supported by using chiral chemical shift reagents.” Some
explanations about the rac ion of 8,9-disubstituted thymol
derivatives have referred to the isolation gmcess5 or the
generation of artifacts in long-stored samples.'* However, both
enantiomerically pure and racemic thymol derivatives have
been reponed in the same plant,™'" although studies on the
rac ion susceptibility of epoxythymols have not been

has been reported for only some cases, Thus, | y
epoxythymol derivatives were found in Callilepis I la,!

Eupatorium fortunei,® and Gaillarda aristata,” while dextro-
rotatory epoxythymol dervatives have been reported from
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addressed to date. In the present paper, the natural
epoxythymol derivatives (+)-(85)-10-benzoyloxy-6-hydroxy-
8,9-epoxythymol isobutyrate (1), 10-isobutyryloxy-8,9-epoxy-
thymaol isobutyrate (2), 10-benzoyloxy-8,9-epoxythymol iso-
butyrate (3), (+)-(85)-10-acetoxy-6-methoxy-8,9-epoxythymol
wobutyrate (4), and (+)-(85)-10-benzoyloxy-6-methoxy-8,9-
epoxythymol isol e (5), isolated from Ageratina glabrata
(Figure 1), were evaluated to establish a methodology for the

& |
i o o o
g,om M. 3 |/. 1
HO™ o ' G)ﬁ/
w0 ¥ 5 *]
1 2

Figure 1. Thymal metabolites from Ageratina glabrata,

determination of their enantiomeric excess and AC, The
methodology involves, on one hand, the use of 1,1'-bi-2-
naphthol (BINOL)" as a chiral solvating agent in 'H NMR
spectroscopy and, on the other hand, wvibrational circular
dichroism (VCD) measurements and calculations."®'” The 'H
NMR-BINOL data provided the enantiomeric excess for 15,
while VCD spectroscopy allowed a determination of the AC of
thymol derivatives 1, 2, 4, and 5. The racemization
susceptibility of 1 under acid conditions is also described,
comprising the chemical behavior observed in these com-
pounds,

B RESULTS AND DISCUSSION

The aerial parts of A glabrata afforded compounds 1-5 after
extraction with hexanes and CH,Cl, followed by purification
using column chromatography. The NMR data of (+)-(85)-10-
benzoyloxy-6-hydroxy-8,9-epoxythymol isobutyrate (1), 10-
benzoyloxy-89-epoxythymol isobutyrate (3), and (+)-(8S)-
10-benzoyloxy-6-methoxy-8,9-epoxythymol isobutyrate (5)
were similar to those recently reported,” as was the case for
10-isobutyryloxy-8,9-epoxythymol isobutyrate (2),'™ ™ which,
interestingly, has been obtained from 40 different plants that
represent 60% of the total reported vegetal species containing
epoxythymol derivatives.' In spite of this previous work, there
were no data about the absolute configuration of this

compound. A sole 'H NMR analysis of (+)-(88)-10-acetoxy-
6-methoxy-8,9-epoxythymol isobutyrate (4)” showed data with
many discrepancies in comparison with those obtained herein.
Our data followed therefore from 21D NMR spectroscopy. In
the "H NMR spectrum of 4, typical chemical shifts for a
tetrasubstituted aromatic ring at & 6,88 (H-5) and & 6.79 (H-2)
were found together with two AB systems for CH,-10 (5 4.54
and 4.19, | = 12.0 Hz) and for CH,-9 at § 3.03 and 2.80, | = 5.6
Hz. The "*C NMR spectrum showed 17 signals, of which those
at 4 175.6 and & 170.3 were assigned to the isobutyrate and
acetate carbonyl groups, respectively. The aromatic carbon
atoms were observed within the § 155.3—109.5 range, while the
sp* carbon atoms appeared between & 65.1 and 16.0, with those
of CHy-3' and CHy-4" overlapping at & 189, All the NMR
assignments were supported by gHSQC and gHMBC experi-
ments.

The specific rotation measurements of epoxythymols 1-5
caught our attention since the observed values for 1, 2, 4, and 5
were found between [a]gyy +10 and [a];g +28, while that of 3
showed a very small dextrorotatory value ([@]sy +0.8 in
CHCIy), which differs in sign and magnitude from that reported
([alsss —39 in CHCI,)." This variation suggested that in both
cases there were different scalemic mixtures with prevalence of
opposite enantiomers, in line with several reports wherein
epoxythymol derivatives have been isolated as racemates."”
Thus, the design of an efficient method for the enantiomeric
purity determination of chiral epoxythymol derivatives turned
out to be desirable. T'o achieve this task, it was decided to
explore the use of (5)-1,1"bi-2-naphthol [($)-BINOL] as a
chiral solvating agent to differentiate the enantiomers by means
of 'H NMR nents. This method has been employed
successfully in the enantiomeric discrimination of some natural
isoflavanones,” alkaloids,™™ and ides,” as well as for
pharmacologically active principles™ " and is based on the use
of a chiral solvating agent for the enantioresolution of the NMR
signals of two distereoisomeric host—guest complexes formed
between a BINOL enantiomer and each enantiomer of the
studied thymol derivative. This methodology has some
advantages over other spectroscopic techniques for the
estimation of the enantiomeric excess. For instance, measure-
ment of the specific rotation depends on concentration and
temperature and is very sensitive to small amounts of optically
active impurities. The use of NMR chiral shift reagents could be
an alternative, but it requires anhydrous conditions and in
gu:m:ra.l induces some line hmadcning.

The 'H NMR-BINOL analyses of 1, 4, and § revealed their
100% enantiomeric purity, since only one set of signals, slightly
shifted upfield in comparison to their original 'H NMR spectra,
was observed for each compound (Figure 2), The most relevant
chemical shift changes were observed for the CH,-10 (A8 up to
0.042) and CH,-9 (A8 up to 0.034) signals. Additionally, the
signals of H-5, CH3-3', and CH;-4' showed variations within
the A8 0.011—0.016 range. In the case of epoxythymol 2, the
'"H NMR spectrum, in the presence of BINOL, showed two
sets of signals for H-10b at § 4.174 and 4.161 (A& 0.013) with
diferent signal heights. Splitting of H-9a with A& 0,007 and H-
9b with AS 0.004 was also observed (Figure 2). The remaining
resonances only showed the typical shifts to upper field in
comparison with the ariginal 'H NMR spectrum. The intensity
of the split signals of 2 established that this epoxythymol exists
as a 75:25 scalemic mixture, The 'H NMR-BINOL analysis of
thymol 3 revealed two sets of signals for H-10a and for H-10b
with almost similar heights (Figure 2). It was noted that H-10b
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Figure 2. Comparison between the 'H NMR spectra of epoxythymols
l 5 (lower lracu) and lhose upon BINOL addition {upper traces)

g their ds (a) 1 100:0 S/R;
(b) 275:25 S/R; (¢) 3 562 44 5%/R*; (d) 4100:0 $/R; and (e) 5 100:0

showed the major chemical shift splitting (A8 0021) in
comparison with that observed for H-10a (A 0.006). Also, H-
9a showed A& 0.009 and H-9b displayed Ad 0.003, while no
significant signal splitting was observed in the remaining
resonances. Considering that the line width of the signals is the
same in the split resonances, their height relationship indicated
a 56:44 scalemic mixture, which is in agreement with the very
low specific rotation ([a]ss +0.8) observed for 3.
Onoedwpusenceofscalem:cmmurcstandSms
d, it was imp t to mduce pamal racemization
of an tiomerically pure epoxythy ive (ie, 1, 4,
or §) to observe the split resonances upon addition of BINOL.
At the same time, such an experiment could provide useful data
to und d the ibility in the racemization of

¥

poxythymols. T rification with oxirane cleavage of
some epoxythymol derivatives has been proposed,”™ but the
oxirane racemization has not been documented. Thus,
epoxythymol I was selected to explore its racemization because
it was isolated in good yields. Three aliquots of 1 were heated
under reflux in benzene in the presence of silica gel as the
catalyst using a Dean~—Stark trap for 2, 4, and 6 h. The crude
reaction products were purified by column chromatography and
subjected to 'H NMR-(R)-BINOL measurements, revealing a
gradual scalemization of 1 that was dependent on the reaction
time (Figure 3). After 2 h of reaction, two sets of signals for the
CH,-10 AB system centered at 3 4.58 indicated the presence of
2 90:10 (ee 80%) scalemic mixture, and after 4 h of treatment
there was an increase to an 87:13 mixture (ee 74%), while after
6 h of treatment the scalemic mixture increased to a 75:25 ratio

d)
| | |

J"Uut i L

Il
MU |0 o -
a)

|

ii l! I

_J ‘\...J L; J L \______
4.80 470 460 4.‘50 440
11 (ppm)

Figare 3. Enantiomeric ratic of the scalemization reactions of
epoxythymol 1 evidenced by the 'H NMR-BINOL methadol a

determined at 0 h (100:0), (b) 2 h (90:10), () 4 h (87:13), and (d) 6
h (75:25).
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(ee 50%). This experiment confirmed the 100% enantiomeric
purity of natural epoxythymol 1 isolated from A. glabrata (see
Figure 3 at time 0 h), as well as the ability of this compound to
undergo racemization.

A concerted reaction mechanism could be proposed for the
scalemization of epoxythymol 1 (Figure 4) in which a

e T
Q-ﬂ“l Si0, 3(- o
(BS}1 (8RR

Figure 4, Concerted reaction mechanism proposed.

nucleophilic attack of the O-8 epoxide oxygen atom to the
C-1" carbonyl group could promote a transference of the acyl
group from the oxygen atom at C-10 to the oxygen atom at C-9
with the concomitant C-8-0-8 bond breakage and the
concerted O-10-C-8 bond formation. If this mechanism is
reversible (Figure 4), the process will ultimately yield a racemic
product passing through proportions of scalemic mixtures. A
minor byproduct was detected during the progress of these
experiments, which was isolated and identified as 10-
benzoyloxy-9-isobutyryloxy-6,8-dihydroxythymol (Figure S25,
Supporting Information). This ring-opening product may be
formed by attack of a H,O molecule to C-8 with the concerted
epoxide ring rupture at the C-8-0-§ bond followed by
transesterification of the isobutyryl residue from 0-3 to 0-9, as
suggested by Bohlmann et al.” On the basis of the NMR data of
this substance and the pertinent observations made by Bustos-
Brito et al,™ we are herein proposing the revision of the 10-
benzoyloxy-6,8,9-trihydroxythymol isobutyrate structure re-
ported by our research group™ to 10-benzoyloxy-9-isobutyr-
yloxy-6,8-dihydroxythymal, since the spectroscopic data are
identical to those provided in this paper (Figures 526 and S28,
Supporting Information ).

In the five compounds (1—5) studied, it was observed that
the changes in chemical shifts upon addition of BINOL were
more significant on those hydrogen atoms located near the
stereogenic center, in concordance with the observed trends for
other substances*' ™ In some cases™ intermolecular
interactions between BINOL and the studied molecules have
been confirmed by X-ray diffraction analysis. On the basis of
these findings, the formation of a transitory hydrogen bond
between the hydroxy hydrogen of (5)-BINOL and the oxygen
atoms O-10 andfor O-8 of the cpoxythymols could be
proposed, allowing an evident shielding phenomenon at the
CH,-10 and CH,-9 hydrogen atoms caused by the naphthol
moieties.

Once the enantiomeric ratio for thymol derivatives 1—5 was
established (Figure 2), the absolute configuration determi-
nation by VCD analysis for enantiomerically pure 1, 4, and §
was addressed. This technique involves a comparison between
the calculated and experimental VCD and IR spectra, in which
a statistical validation is required. This methodology has been
recently employed for determining the AC of a thymel
derivative” as well as for other monoterpenes.” For this
purpose, molecular models of (85)-10-benzoyloxy-6-hydroxy-
89-epoxythymol isobutyrate (1), (85)-10-acetoxy-6-methoxy-
89-epoxythymol isobutyrate (4), and (85)-10-benzoyloxy-6-
methoxy-8,9-epoxythymol isobutyrate (S} were built and

minimized using a molecular mechanics force field™ The
conformational distribution of compound 1 was explored
initially by the Monte Carlo protocol, and an energy window of
10 keal/mol was established for the conformer selection. The
whole set of conformers, consisting of 139 individuals, was
subjected to a single-point density functional theory (DFT)
energy optimization at the B3LYP/6-31G(d) level of theory.
Those conformers within the range of 0—3 keal/mol (109
conformers) were geometry optimized at the DFT PBEPBE/
DGDZVP level of theory, and the VCI and IR spectra of those
conformers within the 02 keal/mol range (18 conformers)
were caleulated at the same level of theory. However, the
statistical comparison of the Boltzmann-averaged calculated
VCID and TR data with the experimental spectra, employing the
CompareVOA algorithm™ (BioTools Inc., Jupiter, FL, USA),
reflected a low spectroscopic similarity. Therefore, a systematic
conformational search was carried out taking into consideration
a dihedral angle analysis of the rotatable bonds, focusing on
those with a more restricted rotation. This procedure allowed
the finding of 13 additional low-energy conformers, which were
geometry optimized at the same level of theory. The whole set
of 31 confi s was considered in a new VCD and IR spectra
calculation (Figure 5). The CompareVOA analysis now
provided a good spectroscopic similarity between the calculated
and experimental spectra for compound 1 (S = 90.9 and §;
70.9%) and 100% confidence level for the correct enantiomer.
Other essential data about the confidence level for the VCD
and IR data of 1 are listed in Table 1, thus defining the absolute
configuration of 1 as (85).

The lack of many conformers in the initial Monte Carlo
protocol of 1 gave evidence for the complexity of its
conformational behavior that arises from unosually high
rotational barriers present in the O-3—C-1' and C-8-C-10
bonds. The peculiar conformational space of epoxythymols
precluded the finding of all low-energy conformers by
performing a Monte Carlo run starting from a single conformer.
The rotational analysis in thymol derivatives 4 and 5 employing
the PC Model program revealed that the rotational barrier
energies in the C-3—0-3—C-1"-C-2 and C-4—C-8—C-10-0-
10 dihedral angles were higher than 10 kecal/mol. To overcome
this difficulty, the conformational search of 4 and 5 was carried
out with the Monte Carlo protocol starting from four different
conformations, according to the four combinations obtained by
180 deg rotations of the mentioned dihedral angles. The four
Monte Cardo searches for epoxythymol 4 yielded different
amounts of conformers in the 0—10 kcal/mol range. The four
groups were subjected separately to single-point energy
calculations at the DFT B3LYP/6-31G(d) level, and those
conformers within a 0—3 keal/mol range were combined and
filtered according to their energies and dihedral angles, to yield
64 conformers, Geometry optimization at the DFT PBEPBE/
DGDZVP level afforded 20 conformers within the 0—2 keal/
mol range, for which the calculated frequencies and WVCD and
IR spectra at the same level of theory provided the Boltzmann-
averaged spectra. The statistical comparison of the calculated
with experimental VCD and IR spectra showed the
CompareVOA values listed in Table 1 with a confidence level
of 100% for the (85)-4 enantiomer (Figure 6),

Analysis of the AC of thymol 5 using the same methodology
showed a similar behavior to that observed for 4. In the single-
point energy calculation at the DFT BALYP/6-31G(d) level, it
gave 62 conformers within the 0—3 keal/mol range, while
geometry optimization at the DFT PBEPBE/DGDZVP level
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Figure 5. Comparison of the experimental and PBEPBE/DGDZVP-
calculated VCD and IR spectra of (+)-(85)-10-benzoyloxy- 6 hydroxy-
89-epoxythymol isabutyrate (1).

afforded 49 conformers within a 0-2 kcal/mol range. The
calculated VCD and R spectra were :umparnd with the
experimental ones (Figure 7), and the CompareVOA algorithm
gave a confidence level of 100% (Table 1) for the (85)-5
cnantiomer,

Once the effectiveness of the proposed methodology for the
AC determination of epoxythymols was tested, the AC of the
major enantiomer in the scalemic mixture of thymol 2 was
approached. Despite the fact that thymel 2 was isolated from A,
glabrata as a 75:25 scalemic mixture (ee 50%), its AC could be
determined confidently by the VCD methodology presented

67

Table 1. Confidence Level Data for the IR and VCD Spectra
of 1, 2, 4, and 5 Calculated at the PEEPBE/DGDZVP Level
of Theory

compound anH* & & £.r ST o
i 1020 9.9 09 173 535 ({1
2 1o1g B96 732 137 9.5 100
4 L.009 .7 715 118 s 100

5 1000 M7 TL2 92 519
“Anharmonicity factor. "IR spectra similarity. “VCD spectra similarity
for the comrect enantiomer. %CB spectra similarity for the incorrect
enantiomer, “Enantiomer similadty index calculated as 5 — § .
fConfidence level in percentage for the configurational assignments.

herein. A conformational search by using the Monte Carlo
protocol, also starting from the four dilferent minimum-energy
models, was carried out. The single-point calculations at the
DFT B3LYP/6-31G(d) level were combined and then filtered
to eliminate duplicates considering the energy and the dihedral
angles, yielding 105 conformers within the 03 kcal/mol range.
The geometry optimization of these conformers at the DFT
PBEPBE/DGDZVP level afforded 48 conformers within the
0=2 keal/mol range. The VCD and IR frequencies of this
group were calculated using the same level of theory and were
Boltzmann-averaged to obtain the calculated spectra. In this
particular case, compound 2 with ee 50% still displayed strong
VCD bands, mainly in the 14001000 cm ' spectroscopic
region, Therefore, only this region was subjected to comparison
becaunse the weak experimental bands present in other regions
were hidden by the noise, causing some uncertainties. Thus,
comparison of the calculated and experimental spectra of
epoxythymol 2 showed a good ¢ nce for the (85)-2
enantiomer (Figure 8) with a level of confidence of 100%
{Table 1). As mentioned, ymol 2 has been reported as a
natural product from 60% of the total plant species containing
epoxythymol derivatives.! Therefore, the AC of this molecule
present in other species could be determined by comparison of
its specific rotation with that reported herein for (8S:8R)-
(75:25 er)-2 ([a]iw +17.3, ¢ 0.6, CHCL,), but considering in
each case its particular enantiomeric ratio that could be
measured by using the "H NMR-BINOL method. In the case of
epoxythymol 3, the VCD measurement was beyond the limit of
accuracy, since the enantiomeric excess of the product isolated
from A. glabrata was very small (ee 12%).

To conclude, in the determination of the AC of epoxythymel
derivatives by VCD, several facts should be considered, which
include the specific rotation analysis, the enantiomeric purity
measurement wsing a chiral solvating agent such as BINOL, and
a systematic conformational analrm or a statistical alg,ndl}u-n as
the Monte Carlo method in which the rotational barriers must
be identified previously. Thus, this report provides enough
information for a rapid and accurate evaluation of the
enantiomeric excess of new and known epoxythymol
derivatives isolated as pure enantiomers or scalemic mixtures,
It also describes a detailed VCD method to determine the AC
of those epoxythymols isolated with ee higher than 509,

B EXPERIMENTAL SECTION

General Experimental Procedures. The melting point was
determined on a Fisher-Johns apparatus and is uncorrected. Optical
rotations were measured in CHCly solution on a PerkinElmer 341
polarimeter. UV spectra were registered on a PerkinBlmer Lambda 12
spectrophotometer. 10 and 20 NMR spectra were measured at 300 or
400 MHz for "H and at 75.4 or 100 MHz for C on Varian Mercory
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alculated VCD and IR qmraof(+) (88)-10 y-6-methoxy-8,9- lculated VCD and mq,mof(+) (8S)-10-benzoyloxy-6-methoxy-
epoxythymol isobutyrate (4). 8,9-epaxythymol isobutyrate (5).

.'!I)OormNMRspemometu!, apecmely fmm('DCl,sohnhon
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“’hppm,and li (I)mmsznlimgelm— were individuall; d with | (3 % 10 L) at room

400 mesh (Mcuk)w:smdfor column chromat y.

Plant Material. Ageratina giabrata (Kunth) RMKing & H.Rob.
specimens were collected the flowering stage, in February,
2014, near km 4.5 of the Pitzcuaro~Santa Clara del Cobre federal
road no. 200, N 19°29.516" W 101°35.273" at 2285 m above sea level,
A voucher specimen (No. 226133) msdq)osited at lhz Hdmhun of

lempenlm for 3 days, The leaves were subsequently macerated with
CH,Cl, (3 x 10 L). Filtration and evaporation of the hexanes and
CH,Cl, extracts of the leaves yielded 35 g (2.3%) and 147 g (9.8%),
respectively, while the hexanes extract from the stems gave 30 g (2%)

of a greenish oil. Column chromatography of an aliquot of the CH,CI,
extract from the leaves (70 g), using hexanes—EtOAc mixtures in

hmodeﬁoologia.A.C,Ccntm 1 del
Michoacin, Mexico, wbuePlof]mszedaw&ndmuﬁeddmphm
material,

ding polarity afforded 1 (3.9 g, 5.6%) with 4:1 hexanes—EtOAc
asﬂteeinenLCluomalognphyofdntola!hmnnmudfmmdm
leaves provided 2 (15 mg, 0.04%) with 19:1 hexanes—EtOAc, and 3

DOk 10.1021/acs jratprod. 7
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102



Joumal of Natural Products

Observed VCD

) w
(=]
A% 10°

Calculated VCD

ac = 10°
ra e
e 2.9

Observed IR

g

g 8
Molar Absorptivity, «

Calculated IR [ ¥

o4
1400 1300 1200 1100 1000
viem”

Figure 8. Comparison of the experimental and PBEPBE/DGDZVP-
calculated VCD and IR spectra of (85)-10-isobutyryloxy-8,9-
epoxythymol isobutyrate (2).

Molar Absorplivity, «
8 &

(16 mg, 0.05%) and 5 (30 mg, 0.0%5%) with 4:1 hexanes—HrOAe, while
the hexanes extract from the stems yielded 4 (235 mg, 0.8%).

Scalemization Reactions. Three suspensions of silica gel (1 g) in
benzene (ﬂJmL}wm refluxed for 4 h using a Dean—Stark trap to
eliminate moisture, Samples of enantiomerically pure 1 (100 mg) were
added to each system, and the mixtures were refluxed for 2, 4, or 6 b,
The crude reaction solutions were filtered, evaporated under a vacuum,
and purified by column ch hy using hexanes—AcOEL (4:1)
Lo give 15.3 mg (15%), 161 mg (16%), and 11,2 mg (11%) of scalemic
mixtures of 1 as pale yellow oils,

Determination of Scalemic Proportions Using (5)}-BINOL.
The enantiomeric purity of epoxythymol derivatives was determined
by 'H NMR spectroscopy dissolving the samples (6 mg) in 0.7 ml of
CDCl and adding (—=)-(5)-BINOL (Aldrich), unless otherwise
indicated, as a chiral solvating agent (30 mg). The enantiomeric
ratio (er) of each sample was obtained from the height of the signals
considering that the width at half height is constant,

[#}-(85)-10-Benzoyloxy-8,9-epoxy-6-hydroxythymol isobutyrate
(1) colorless crystals; mp 112—114 °C; [a]ge +99, [alsg +10.0,
[)sss +11.0, [@]ass +17.1, (¢ 0.8, CHC, )

(B5:8R)-(75:25 er)—i&&abu!yryfoxr&?—epoxyrhnm! isobutyrate
(2); yellow oil; [@]se +17.3, [l +17.5, [@]os +18.9, [a]q, +30.5,
[a]sss +53.1 (¢ 0.6, CHCL,).

(85+:BR*)-(56:44 er)-10-Benzoyloxy-8,

) yl];nw oil; [a]5y +0.8, [ar] gy +0.8, [.-r],“i +09, {mm +1.5 (¢ u.R,
CHC,

{+)-(85)- 10-Acetoxy-6-met 9-epoxythymol isobutyrate (4):
yellow oil; [ar] g +28.0, [er] ey 4290, [o] g 4330, [e2] 35 +586 (c 1.0,
CHCL); UV (EtOH) 4, (log £) 221 (3.95), 278 (3.46), 284 (3.44)
nm; IR (CHCL) v, 2983, 1746, 1506, 1466, 1179 an % 'H NMR
(400 MHz, CDCL,) 6 6.88 (1H, 5, H-5), 6.79 (1H, 5, H-2), 4.54 (1H,
d, J = 12.0 Hz, H-10a), 4.19 (1H, d, J = 12.0 Hz, H-10k), 3.81 (3H, 5,
OMe), 3.03 (11 d, ] = 5.6 Hz, H-9a), 280 (1H, d, ] = 5.6 Hz, H-9b),
280 (1H, sept, | = 7.0 Hz, H-2'), 217 (3H, 5, H-7), 202 (3H, 5, H
2%), 131 (3H, d, J = 7.0 Hg, FL3'), 1.30 (3H, d, [ = 7.0 Hs, H4');, “C
NMR (10 Mz, CDCL) & 1756 (€, C-1'), 1703 (C, C-17), 155.3
(C, C-3), 113 (C, C-6), 1282 (C, C-4), 1266 (C, C-1), 1243 (CH,
C-2), 1095 (CH, C-5), 65.1 (CH,, C-10), 56.7 (C, C-&), 55.6 (CH,,
C9), 506 (CH, OMc), 34.0 (CH, C-2°), 206 (CH,, C-27), 189
(CHy C-3, C4'), 160 (CH,, C-7).

(+)-(85)- 10-Benzoyloxy-6-methoxy-8,9-epoxythymol isobutyrate
(5): yellow oil; [@)ope +103, [@]ay +10.7, [@]ag +12.0, (@] +20.3,
[t] s +315 (¢ 108, CHCI,).

Vibrational ﬂrﬂiﬂr Dichroism Measurements, These data
were obtained on a BioTools dualPEM ChirallR FT spectropho-
tometer using 8.4, 8.8, 9.1, and 6.3 mg of 1, 2, 4, and §, respectively.
Each sample was dissolved in 100% D atom CDCly (150 pl) and
placed in BaF, cells with a path length of 100 gm. Data for 1, 2, 4, and
5 were acquired at a resolution of 4 em™" for 6 h cach, with the
baseline provided by subtracting the spectram of the solvent acquired
under the same conditions, and the stability of samples was monitored
by 'H NMR ents immediately before and after VCD
Mmeasurements.

Vibrational Circular Dichroism Calculations. Monte Carlo
search protocols were carried out for 1, 2, 4, and 5, using the Menck
Maolecolar Force Field (MMFF94) as implemented in the Spartan'D4
program. In the case of 1, conformational searching was
complemented with a systematic scarch, while for 2, 4, and § their
rotational barriers were identified using the PCModel v7.0 software.
Their Monte Carlo searches were camied oot stating from four
strategic low-energy conformers. An energy cotoff of 10 keal /mol was
considered, which yielded 139 conformers for 1, 221 for 2, 133 for 4,
and 128 for 5. All conformers were examined to discard duplicates.
The single-point energy of each conformer was calculated with the
DFT BALYP/6-31G(d) level of theory in the Spartan'4 program,
giving 109 Tow: energy conformers for 1, 105 for 2, 64 for 4, and 62 for
5. These structures were geometry optimized with DFT at the
PBEPBE/DGDZVP level of theory employing the Gaussian 03W or
Ganssian 09 programs, The global minimem stroctores of 1, 2, 4, and
5 are depicted in Figore 9. The minimized structures within the first 2
keal/mol for these four compounds (Figures 521—524, Supparting
lhfunnitiun] were used to calculate the thermochemical parameters
and the IR and VCI frequencies at 298 K and | atm. All minimuom
energy structures were verified for the absence of imaginary
fttquﬂlchm, and their relative free ENErgies were u:np1uyul o caleulate
their Boltzmann population. The Boltzmann-weighted IR and VCD
specira for each compound were calcolated considering Lorentzian
bands with half widths of & cm ™', Maolecular visualization was carried
out with the GaunssView 3.0 program. Geometry optimization and
vibrational calculations required some 30 h of computational time per

DOH: 10T 0 /s jrat . TG T
£ Nat. Frodd F018, B1, 371
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Figure 9. Global mini energy conf of thymol derivatives 1,

2, 4, and §.

conformer when using a computer opu:tmg at 2.?.0 G"z vnth 8 Gb
RAM and about 2 h when using Xiuh the
supercomputer cluster hybrid. ™
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ABSTRACT: A biomimetic transformation of p-menthene
glucosides into aromatic monoterpenoids that alluded to
mechani for ial oil bolism, which lines up with
the precepts of molecular economy, is described. Acid
treatment of (—)-(3545,6R)-3,6-dihydroxy-1-menthene 3-0-
fvglucopyranoside (1) and (—)-(3SARSRES)-3,5,6-riy-
droxy-1-menthene 3-O-f-n-glucopyranoside (2), from Ager-
atina glabrata, yielded p-cymene (7) and carvacrol (9). The
stable oxidized intermediates (+)-(38,48,6R)-3,6-dihydroxy-1-
menthene (3), (+)-(15,48,6R)-1,6-dihydroxy-2-menthene
(4), (+)-(1R,4S8,6R)-1,6-dihydroxy-2-menthene (5),
(+)-(48,6R)-yabunikkeol (6), (+)-(45)-carvotanacetone (8), (+)-(15,48,5R,6R)-1,5,6-trihydroxy-2-menthene (IS),
(+)-(1RAS,5R,6R)-1,5,6-trihydroxy-2-menthene (16), and the new (+)-(45,5R,65)-1(7),2-menthadi (17) p
establishment of the reaction mechanisms. The reactivity of the hydroxy groups of 4 and §, as well as those of 15 and 16,
was compared by acetylation reactions and supported by DFT calculations, revealing diminished reactivity in 4 and 15 due to
the cis configuration of their hydroxy groups at C-1 and C-6. In addition, p-cymene (7) was detected as one of the major
constituents of the essential oil of A. glabrata, which matches well with the biomimetic study.
the

TthilLL~rL,0f h
irati Ofb IJL'L loncryl“

Agerating glabraia

Previously we described the absolute configuration deter-
of (—)-(35,48,6R)-3,6-dihydroxy-1-menthene 3-0-f-

phate, followed by cyclization through an allylic cation—
diphosphate ion-pair to afford an a-terpinyl cation, which is an
intermediate m the Form:mon of several mono- and bicyclic
monoterpenes.” Oxidation, p and
other reactions lead to an extensive variety of monoterpenes, of
which many are found in essential oils. The biosynthetic
pathway of ti P is closely related to y-
terpinene,” limonene, menthene, and carvone through
dehydrogenation reactions,” while the storage of volatile
compounds in plants proceeds through nonvolatile glycosides,
which after enzymatic leywlysis liberate the volatile aglycone
and the sugar residue.” " Nonetheless, due to the molecular
economy observed in cell metabolic processes, we can visualize
the relationship between the storage of volatile compounds
and the presence of a few stmu:gic precursors capable of
pmviding e ial oil constituents. Therefore, the under-
o" hali and +1harli m“ F 1 1 w
volanle compounds, becomes relevant to the biosynthetic
pathways of these bolites for subsequent chemical,
biological, biotechnological, and industrial applications.”

ion, ition,

X American &hemkal Sockty and
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n-glucopyranoside (1) and (—)-(3S,4R,5R,68)-3,5,6-trihy-
droxy-1-menthene 3-O-fi-n-glucopyranoside (2), from Ager-
atina glabrata, and their derivatives (+)-(3545,6R)-3,6-
dihydroxy-1-menthene (3), (+)-(15,48,6R)-1,6-dihydroxy-2-
menthene (4), (+)-(1R,48,6R)-1,6-dihydroxy-2-menthene
(5), (+)-(18,48,5R,6R)-1,5,6-trihydroxy-2-menthene (15),
and (+)-(1R,48,5R,6R)-1,5,6-trihydroxy-2-menthene (16), ob-
tained by acid hydrolysis.”

In this paper the biomimetic transformations of 1 and 2 into
aromatic monoterpene derivatives and other essential oil
constituents, by dehydration and oxidation processes, are
described. Dihydroxy-p-menthene derivatives 3-S5,
(+)-(4S,6R)-yabunikkeol (6), 1,5,6-triols 15 and 16, and the
new (+)-(45,5R,65)-1(7),2-menthadiene (17), as reaction

diates in the f ion of p-cy (7) and carvacrol
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(9), were suggested. (+)-(48)-Carvotanacetone (8) was also
observed as a dehydration product of 4 and 5, while oxidation
with iodine suggested that p-cymene (7) and carvacrol (9)
could arise from a common precursor, 4. The reactivity of the
tertiary hydroxy group of 4, 5, 15, and 16 was studied through
the preparation of their respective acetyl derivatives 10-13
and 18—21, determining that the trans-16-diol disposition
found in 5 and 16 was more reactive than the cis arrangement
found in 4 and 15 and that the steric effects of the isopropyl
group are insignificant, while fewer hydroxy group intra-
molecular interactions favor reactivity. All compounds were
characterized by physical and spectroscopic data, while GC-MS
analysis of the essential oil of the aerial parts from A. glabrata
revealed p-cymene (7) as a main constituent,"” supporting the
herein proposed chemical pathways.

r
R'C.

5 i AOR A OR
rR'g” R

L) Mt
1R = Gic, R = H, R = H AR =H R=H

10R" = H, A= Ac
1R = Ac, R¥ = Ao

2R = Gic, R = i, R = OH
IRT=H e Ri=H
MR ® Az, R = Ac RV % H

Uy .
Aor? JOR"
gt

GR'=H RI=H 6R'=H R =H
12R" =M A = Ac TR =4, Rl=0OH
VR "=ac R = Ac

a! i
8
1
e il LOR?
“oR? “ioR?

1SR'=H R =H,R¥=H
R =H R =Ac R¥= Ac
1WR =Ac R = Ac RY Ac

1R =H. R =H R =H
20R"=H, R = Ac, R = Ac
21R" = Ac, R¥ = Ac, R¥ = Ac

Figure 1. Formulas of p Menthenes 1-21,

B RESULTS AND DISCUSSION

Menthene glucosides 1 and 2 were individually hydrolyzed
using diluted HCI to generate hydroxy-p-menthenes 3—5 from
I, and 15 and 16 from 2! Considering 4, 5, 15, and 16 arise
from H,0 trapping an allylic carbocation, induced by
elimination at C-3 in 2 or 3, these molecules were considered
as possible essential oil constituent intermediates, Such an idea
is in accord with several investigations where glycosides
funiction as a storage mechanism for volatile mmpnu.nd&"-"

Carbocation formation was induced by acid hydrolysis in a
polar protic medium. Dehydration of p-menthene 4 and/or 5
using 10% HCI yielded a mixture of (+)-yabunikkeol (6), p-
cymene (7), and (+)-(48)-carvotanacetone (8) in a 1:4:10
ratio, establishing 8 as the most favored somer, Furthermore,
acid hydrolysis of &, under the same reaction conditions used
for 4 or §, afforded p-cymene (7), suggesting that 6 is a
subsequent intermediate in the aromatization process from
glucoside 1 to 7. Thus, (Scheme 1), acid hydrolysis of 1
provides p-menthene 3” as the first intermediate, followed by
protonation of the C-3 hydroxy group and subsequent
dehydration to give allylic carbocation 1, which is quenched
by addition of water at C-1, yielding 4 and § as the next diol
intermediates. Based on steric considerations a less probable
route for generating 4 and 5 would involve an allylic alcohol
exchange via hydroxylation at C-1 of 3. Activation of 4 or 5 via
protonation at the tertiary hydroxy group favors dehydration at
C-1 by proton loss from CH;-7 to give 6. Finally, loss of the C-
5 protonated hydroxy group from 6 to give I (path a) and
subsequent deprotonation at C-5 provides triene 111, whose
acid-catalyzed rearrangement leads to p-cymene (7). The
aromatization could occur by a concerted mechanism or via a
carbocation pathway as depicted in Scheme 1.

For the generation of (+)-(45)-carvotanacetone (8) from 1,
the aforementioned steps leading to the formation of 4 or 5§
could afford the allylic carbocation IV, directly or through 6
followed by protonation of the A'”! double bond (path b), A
subsequent 1,3-hydride shift from C-5 to C-3 would give V,
which would be susceptible to a 1,2-hydride shift from C-6 to
C-5 in concert with deprotonation of the 6-hydroxy group to
afford ketone B. The above route is supported by density
functional theory (DFT) calculations at the B3LYP/6-31G(d)
level of theory of the reaction intermediates IV and V, as in
several mechanistic proposals for terpene syntheses, including
those for p-menthene derivatives.'' ™" In the present case
98.6% of the population of IV showed an H-3-C-3~C-5~H-5
relative orientation of —75.5 + 4.7° and a C-3—C-5 distance of
247 & 0.008 A to favor the 1,3-hydride shift. The measured
parameters for V (P = 97.7%) revealed a H-5—C-5—C-6—H-6
dihedral angle (@ = ~-71.5 £ 3.9°) and a C-5-C-6 bond
distance (d = 147 A) to permit the 1,2-hydride shift.

(+)-Yabunikkeol (6) was described as an oxidation
derivative of (—)-u-phellandrene,’® although the (4R,65)
absolute configuration was wrongly assigned, while p-cymene
(7) and (+)-(48)-carvotanacetone (8) are widely reported as
essential oil components. In addition, 7 has been considered a
goad-quality essential oil ingredient in Origanum species'™ or a
low-guality ingredient in lemon essential oil,'”

Since allylic alcohol intermediates 4—6 lead to aromatic 7,
indine was considered as the aromatization rea‘genl.“‘” Thus,
p-menthenediol 4 was refluxed in the presence of iodine for 3 h
to yield 8 and 9 (1:2), while aromatization for 5 h only
provided carvacrol (9). Therefore, 8 is an intermediate in the
aromatization process as suggested in Scheme 1, where the
coordination of iodine to the tertiary hydroxy group of 4, as
depicted in IX, facilitates dehydration and formation of 6,
whose protonation at C-7 by HI favers allylic carbocation IV,
Subsequent 1,3-hydride shifts to V and 1,2-hydride shifts
afforded 8. Formation of the iodoiranium intermediate V1 is
followed by rupture of the C-2—1 bond to allow formation of
the A® double bond in intermediate VII Deiodination affords
carbocation VIII, which on deprotonation at C-4 and
spontancous tautomerization would generate 9. Thus,
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Scheme 1. Putative Mechanism for the Aromatization of p-Menthenes 4 and §

-~
H-8
.

HegH nH)

iodoirani isted ar ization di become
plausible since acid conditions deactivate the carbonyl moiety
in 8, via keto—enol tautomerism, which at the end may
contribute to the aromatization process, but avoiding
dehydration by acid catalysis as in the formation of p-cymene
(7) Lonscqucndy, (+)-(48)-carvotanacetone (8) can be

idered as a constituent in essential oils related
to the aromatic monoterpene biosynthesis. This mechanistic
proposal is based on those described for terpene aromatization
using iodine as a mild reagent.'*"?

Although 4 and § provided the same aromatization products,
their reactivity was assessed by acetylation of the C-1 hydroxy
group, since reactivity variations in the crude reaction
outcomes were observed by "H NMR. A 25:1 mixture of 10
and 11 was obtained from 4, while S yielded the p-menthene
mixture of 12 and 13 in a 10:1 ratio. Thus, the 1-hydroxy
group in § is a more favorable nucleophile than that at 4,
perhaps due to a reduced hydroxy group interaction due to
their trans disposition, These results also d i ible steric
effects exerted by dle lsopmpyl group, as revealed by S. In

thus providing 29 conformers for 4 and 43 conformers for § in
10 keal/mol energy gaps. Measurements of the O-1-H-1~0O-
6, 0-6-H-6"0O-1, and O-1'''0-6 bond lengths and angles
(Table S1, supportmg Information) suggested that 99.9% of
the confe lation of 4 favor weak hydrogen-
bonding mleramons, wh:le in 5 only 50% of the conforma-
tional ion favor probable hydrogen-bonding interac-
tions.** In turn, acetylation of 3 gave the expected diacetate
14.

Once the behavior of p-menthenediols 4 and § was studied
under acid- and iodine-catalyzed reaction conditions, glucoside
2 was evaluated under the same condiu'ons. Acid hydrolysis of
2 yielded the triol epimers 15 and 16,” which were individually
dissolved in tetrahydrofuran (THF) and treated with 10%
HClL In ellhcr case two comp were obtained and
separated by ¢ ch hy, affording carvacrol (9)
and a sample of amorphous matenal whose 'H NMR data
suggested the A* endocyclic double bond conjugated with an
exacyclic A'") olefinic bond, whose signals were observed in
the & 6.18-5.12 range. In addition, two hydrogen signals
I to hydroxy groups resonated at 4 4,33 (H-6) and 3.75

pPp rt Of unll‘ul ¥ oS Of4 lnd 5, calcul
were done with the Monte Carlo protocol using a molecular
model force field (MMFF). All conformer energies were
optimized at the DFT B3LYP/6-31G(d) level of theory, a
methodology suc;essfully employcd for the conformational
lysis of aliphatic” and ar P hene derivatives,”

4

(u-s) The “C NMR spectrum showed the expected 10
signals for a p-menthene skeleton, including four signals
assigned to the conjugated diene moiety in the & 143.5-115.2
range and two signals at § 71.6 and 71.4 attributed to C-6 and
C-5, respectively, The HRESIMS data confirmed the C4H, 0,

DOF: 10,102 1 /acs jnatprod SEO0855
1. Nar, Proxd. YOO, XXX, XXX~ XXX

108



Journal of Natural Products

Scheme 2. Putative Mechanism for the Aromatization of p-Menthenes 15 and 16
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composition showing the [M + NH,]" molecular ion at m/z
186,1497 (caled as C,gH 0, + NH,', 186.1494), while the
specific rotation was dextrorotatory. These data suggested the
identity of the compound as the new p-menthene derivative
(+)-(48,5R,65)-5,6-dihydroxy-1(7),2-menthadiene (17). Un-
equivocal structore assignment of 17 was supported by
HETCOR, COSY, NOESY, and HMBC spectra. Treatment
of 17 with 10% HCI for 24 h yielded carvacrol (9).

Based on the overall chemical transformations, an
aromatization reaction mechanism of 2, through 15-17 to
carvacrol (9), incloding stable reaction intermediates, is
suggested in Scheme 2, which involves protonation of the
allylic tertiary hydroxy group of 15 andfor 16 followed by
dehydration. The allylic carbocation intermediate X is
stabilized through deprotonation at C-7, yielding 17. This
stable diol has the potential to also undergo a dehydration at
C-5 affording conjugated diene carbocation X1, which can be
deprotonated at C-6 as shown in XT (shift a), followed by
protonation at C-7 and concomitant deprotonation at C-4 to
generate carvacrol (9). The other alternative, shown in X1
(shift b), involves deprotonation at C-4, providing a
conjugated triene, which aromatizes to 9. The possibility to
obtain thymol as the final aromatic compound, via dehydration
at C-6, was unsuccessfully searched.

To explain the regiospecific dehydration in 17, conforma-
tional population calcalations were done by the Monte Carlo
protocol using MMFE, All conformer energies were optimized
at the DFT B3LYP/6-31G(d) level of theory as described
above, This procedure provided 22 conformers in a 10 lcal/
mol range, of which 74% of the conformer population revealed
the C-5 hydroxy group and the isopropyl group in a pseudo-
trans diaxial arrangement with a dihedral angle of 152 + 7.4,
favoring o—o* conformational interactions, as depicted in
Scheme 2, increasing the reactivity of the S-hydroxy group and

directing regiospecificity toward formation of 9. In addition,
the polar reaction medium stabilizes the equatorial 6-hydroxy
group via a dipole—dipole interaction with the exocyclic
double bond.™ Coupling constant analysis was not used for
the conformational analysis since H-5 and H-6 resonated as
undefined broad signals.

A reactivity comparison of the hydroxy groups at C-1 in 15
and 16 was done as for 4 and 5. Acetylation of 15 gave a 10:1
mixture of 18 and 19. From the acetylation of 16 the formation
of compounds 20 and 21 was expected. However, the 'H
NMR spectrum revealed the presence of 20, a complex mixture
of acetylated compounds of undefined identity, and traces of
21, readily recognieed by its typical H-2 signal at § 613
(Figure 554, Supporting Information). It thus seems that 20
suffers degradation via reaction of the hydroxy group at C-1
since hydrogen atoms geminal to the C-5 and C-6 acetoxy
groups at § 5.72—4.76 and acetoxy signals at & 2.23—2.00 were
observed, This evidences a higher reactivity of the hydroxy
group at C-1 in 16 than in 15, which is similar to the case of 5,
As done for 4 and 5, DFT calculations for 15 and 16 were
performed, affording 37 conformers for 15 and 48 conformers
for 16 in 10 keal/mol gaps. These caleulations revealed
intramolecular hydrogen bonding interactions in 99.7% of the
conformational population of 15, of which essentially all
involve the oxygen atom at C-1, In turn, only 24% of the
conformational population of 16 shows this type of interaction,
thus inhibiting the tertiary hydroxy group from interacting, and
consequently the nueleophilicity of the hydroxy group at C-1
in 16 is higher than in 15. Modification of reaction conditions
for the acetylation permitted the preparation of 20 and 21 (see
Lxperimental Section),

The iodine aromatization reaction of 15 gave carvacrol (9)
as the regiospecific aromatization product. This reaction is
similar to the acid-catalyzed aromatization of 15, despite the
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fact that thymol and/or carvacrol (9) formation might be
possible. Thus, a plansible reaction mechanism (Scheme 2) for
the transformation of 15 involves the charged iodine-bonded
adduct at the tertiary hydmxr group in XII followed by
dehydration, yielding the A"® double bond in XIIL Since
keto—enol tautomerism of this intermediate is expected,
deactivation of the hydroxy group at C-6 leads to dehydration
at C-5 to yield 9, via adduct XIV. Alternatively, dehydration of
the hydroxy group at C-1, via iodine charged complex X1I, to
form 17 followed by dehydration of the hydroxy group at C-5,
via X1 (shift a or b), favors aromatization to 9. In the latter
alternative, regiospecificity could be induced by conforma-
tional effects, as well as dipole—dipole interactions in the
considered intermediate 17, since the polarity of the reaction
medium increases due to H;O and HI formation during the
reaction process.

Interestingly, NMR. and GC-MS essential oil analysis of the
leaves revealed the presence of p-cymene (7) as a main
constituent in the mixtore, thus supporting the present
biomimetic study. On the above basis it seems that several
biochemical processes may be related to laboratory studies,
under the principle that chemistry rules are applied in any
reaction system, but probably stereospecificity and reaction
rates are the most important differences between enzymatic
and chemical systems. In addition, biomimetic studies provide
chemical pathways applied to two targets: the synthesis of
arganic molecules of interest™ ® and understanding the
observed biosynthetic pathways of natural products in living
s-_rstcmn Moreover, glucosides 1 and 2 may favor the
formation of aromatic p-menthene derivatives 7 and 9 through
catabolic processes, which could be related to several anabolic
pathways providing multifunctionalized 'r.hyrn&l L{mﬂtlvﬂi}
similar to those reported from Agerating glabmm ¥ Other
relevant conclusions are the observation of precise chemical
routes for molecular transformations and the observation of
chemical economy during these processes.

B EXPERIMENTAL SECTION

General Experimental Procedures. Melting points (uncor-
rected) were determined on a Fisher—Johns apparatus. Optical
rotations were recorded in CHC, solutions at room temperature on a
PerkinElmer 341 polarimeter. 1D and 210 NMR spectra were
measured al 300 or 400 MHz for "H and at 754 or 100 MHz for
B on Varian Mercury 300 or 400 spectrometers from CDCL,
solutions nsing tetramethylsilane as the internal reference. Chemical
shift values are Tepurleu.l n parts per million, and :ulrp]lng conslanis
(/) are in Mz. HRMS data were acquired on a Waters Synapt G2
spectrometer at the Department of Chemistry and Biochemistry,
University of Colorado, Boulder, CO, USA. Silica gel 230400 mesh
(Merck) was used for column chromatography.

Compounds. Menthene derivatives 1-5, 15, and 16 were
obtained as described” A combination of vibrational circular
dichroism, sungle{qrsiq] Xeray diffraction, and chemical correlations
allowed securing” their absolute configuration (AC). Since all other
chiral molecules of the present study were also chemically correlated
with the above molecules, their AC is also fully substantiated. In turn,
monoterpenes 7-9 are known molecules.™ " In cases when more
than one acetyl group was present, the signal distinction followed
from gHSQC and gHMBC NMR measurements.

Dehydration and Aromatization Reactions. Solutions of 4 or
5 (IEID myg each) in THR (I ml.) were treated with agqueons 10% HCL
(5 mL) and sticred at room temperature for 5 b, Hach reaction
mixture was washed with a saturted NaHCO, solution, poured over
ice—H, 0, extracted with CH,Cl,, dried over anhydrous Na,50,
fltered, and evaporated to dryness. Fach residoe was column

chromatographed on silica pel using hexanes—CH,Cl, mistures as
eluent. Fractions 47 (hexanes—-CH,Cl,, 4:1) afforded 8 (24 mg,
30%), fractions $~12 (hemanes—CH,Cl, 1:1) yielded 6 (11 mg,
12%), and fractions 1517 (hexanes—CH,Cl, 3:7) gave 7 (52 mg,
58%). Similarly, a solution of 15 and 16 (70 img) was treated as above.
Column chromatography of the residue afforded 9 (19 mg, 34%) in
fractions 8—11 (hesanes—CH,Cl, 3:2) and 17 (42 mg 66%) in
fractions 15-19 (CH,Cl,~MeOH, 49:1). Acid treatment of 6 (20
mg), as above, yielded 7 (11 mg, 63%) in fractions 3—5 (hexanes—
CH,CL,, 4:1), while 17 {40 mg) for 5 h afforded 9 (28 mg, 80%) in
fractions 57 (hexanes—CH,Cl,, 3:2).

Samples of 4 or 15 (40 mg each) were dissolved in toluene (10
mL), and jodine (40 mg) was added. Each reaction mixture was
stirred under reflux for 5 h. Each residue was washed with a saturated
May5,0, solution, NaHCOy, and NaCl, poured over ice—H,0,
extracted with hexanes, dried over anhydrons Na, 50, filtered, and
evaporated to yield 28 mg (80%) of 9 from 4 and 30 mg (94%) from
15. Similarly, 2 solution of 4 {30 mg) in tolsene (10 mL) was treated
with iodine (30 mg) for 3 h. The residue was column chromato-
graphed on silica gel uvsing hexanes—CH,Cl,. Fractions 3—5
(hexanes-—CH,Cl,, 3:2) afforded 9 (17 mg, 64%), and fractions 5—
7 (hexanes—CH,Cl, 3:7) gave B (7 mg, 26%).

Acetylation Reactions. Solutions of 3 (40 mg), 4, §, 15, or 16
(30 myg each) were dissolved in pyridine (1 mL}, and Ac,0 (1 mL)
was added. Fach reaction mixture was stirred at room temperature for
24 by or 3 b for 3, poured over ice—H,0, and extracted with FtOAc.,
Each organic layer was washed with aqueous 10% FICL, 1,0, aqueous
MaHCO,, and H,0, dried over anhydrous Na,50,, filtered, and
evaporated. The residue from the reaction of 3 was extracted to yield
14 (38 myg, 85%). Column chromatography of the reaction of 4
afforded 10 (18 mg, 48%) and 11 (11 mg 25%), while that of 5
yielded 12 (26 mg, 70%) and 13 (3 mg, 7%), Chromatagraphy of the
residue from 15 afforded 18 (25 mg, 57%) and 19 (3 mg, 6%), while
that from 16 yielded 20 (20 mg, 46%) and 21 (8 mg, 16%).

Reactivity Assay of 4, 5, 15, and 16, The studies were done by
acetylation using the above reaction conditions for 12 h, and the
crude reaction mixtures were analyzed by 'H NMR spectroscopy.

{+)-(45,6R)-Yabunikkeo| (6): colorless oil; |a|m +5, [@]sm +5,
[@]ses +5 [@]iss +13, [@]as +23 (¢ 0.1, CHCL); lit,* [e]sqe +5.0 (¢
0.8, CHCL); Bt [ar]ggq +42 (¢ 3.1, cnu,); TR {CHCL,) 4, em ™
3411, 2957, 2925, 1675, 1464, 1008, 892; "H NMR (CDCl, 400
MHz) § 6,14 (1H, dd, J = 101, 2.6 He, H-3), 5.83 (1H, dd, ] = 10.1,
1.0 Hz, H2), 506 (IH, br 5, H7), 496 (1H, br s, H-7'), 442 (1H,
m, H-6), 2.34 (111, m, H-4), 1.91 (1H, m, H-5), 1.72 (111, septd, J =
6.8, 1.1 Hz, H-8), 1.55 (1H, m, H-5), 093 (6H, d, | = 6.8 Hz, CHy9
and CHy-10); "C NMR (CDCI,, 100 MHz) 8 1453 (C, C-1), 1340
(CH, C-2), 1266 (CH, C-3), 1128 (CH,, C-7), 69.4 (CH, C-6), 37.2
(CH, C-4), 32.5 (CH,, C-§), 315 {CH, C-8), 19.6 (CH,, C-9), 19.60
(CHy, C-10); IR and 'H and "“C NMR data in agreement with
published values.'****

{+)-(15,45,6R)-6-Acetoxy-1-hydroxy-2-menthene (10): colorless
oil; [@]ssn +9, |l +9 [olsss +12, [@]ing +28, [@]ys; +64 (c 2.7,
CHCL,); IR (CHCL,) v, 3582, 2959, 2870, 1727, 1464, 1375 cm™;
TH MMR (400 MHz, CICL) 8 5.67 (1H, ddd, [ = 104, 2.8, 1.2 He,
H-3), 5.59 (1H, ddd, J = 10.4, 2.4, 1.2 Hz, H-2), 494 (1H, ddd, J =
6.4, 2.4, 1.2 Ha, H-6), 2.10 (3H, 5, Ac), 2.10 (1H, m, H-4), 2.02 (1H,
tdd, J = 13.0, 6.0, 1.2 Hz, H-5), 1.64 (1H, m, H-8), 1.58 {1H, ddd, | =
1340, 8.8, 2.4 Hz, H-5"), 1.29 (3H, 5, CHy7), 0.89 (3H, d, | = 7.0 Hz,
CH,9), 0.88 (3H, d, ] = 7.0 Hz, CH,- 10); “C NMR (100 MHz,
CDCL) & 170.8 (C, Ac), 1319 (CH, C-2), 131.2 (CH, C-3), 758
(CH, C-68), 69.0 {C, C-1), 38.1 (CH, C4), 314 (CH, C-8), 269
(CH,, ©-5), 21.3 (CHy, Ac) 27.0 (CH,, €-7), 19.5 (CH,, €-9), 19.4
(CH,, C10); HRESIMS m/:z 2351312 [M + Nal® (caled for
Cpal0y + Na', 235.1308).

(+)-{15,45,6R)-1,6-Diacetoxy-2-menthene (11): colorless oil;
[a]ga +65, [@]gy 468, [a]oy +78, [aliy +144, [a]yy +253 (c 1.2,
CHCL); TR (CHCL) vy, 2058, 1728, 1370 em™; "H NMR (400
MHz, CDCL) & 6.01 (1H, ddd, = 10.0, 2.4, 0.7 Hz, H-2), 573 (IH,
dd, J = 100, 2.8 Hz, H-3), 5.23 (11, dd, | = 80, 2.8 Hz, H-6), 2.16
(VH, m, H-4), 2.10 (3H, 5, Ac), 2.03 (1H, m, H-5), 201 (3H, 5, Ac),

TBOH: 10190 1 e st ol MRS
B Mar, Pt 000K, K0E, KN KL

110



Journal of Natural Products

171 (1H, m, H-8), 1.65 (3H, 5, CHy7), 164 (1H, m, H-5'), 1.57
(3H, s, H-7), 092 (6H, d, ] = 7.0 Hz, CH,9, CH,-10); "*C NMR
{100 MHz, CDCL) 8 1705 (C, Ac), 17001 (C, Ac), 132.5 (CH, C-3),
12838 (CH, G-2), 78.3 (C, C-1), 734 (CH, C-6), 38.8 (CH, C-4),
317 (CH, C-8), 259 (CH,, C-5), 233 (CH,, C-7), 22.1 (CHy, Ac),
21.2 (CH,, Ac), 19.7 (CH,, C-9), 19.5 (CH,, C-10); HRESIMS m/z
2771414 [M]" (caled for €y HyyQy 277.1410),

{+)-(1R.45,6R)-6-Acetoxy-1-hydroxy-2-menthene {12): colordess
oili @l +1; [@les +1, lalas +2, [@las +7, @l +22 (c 0.8,
CHCL); IR (CHCL) v, 3592, 2956, 1722, 1374, 1035 cm™'; '"H
NMR (400 MHz, CDCL) & 5.74 (1H, dd, | = 10.2, 2.7 H, H-3), 5.61
(1H, ddd, | = 10.2, 2.3, 1.0 Hz, H-2), 497 (1H, dd, ] = 6.0, 3.8 Hz, H-
6), 208 (3H, 5, Ac), 206 (11, m, H-4), 1L81 (11, m, H-8), 179 (11,
m, H-5), 1L6& (1H, m, H-8"), 1.27 (3H, 5, CHy-7), 091 (3H, d, J =
6.8 Hz, CH,-10), 092 (3H, d, | = 6.8 Hz, CH,9); “C NMR (100
MHz, CDClL) 6 1700 (C, Ac), 1324 (CH, C-2), 131.6 (CH, C-3),
756 {CH, C-6), 693 (C, C-1), 38.4 (CH, C-4), 31.6 (CH, C-8), 26.4
{CH,, C-5}, 24.3 (CH,, C-7), 213 (CH,, Ac), 19.8 (CH,, C9), 19.7
(CHy C-10); HRESIMS m/z 2351310 [M]" (caled for ©yHy0y
235.1308),

(—)-(1R,45,6R)-1,6-Diacetoxy-2-menthene (13): coloress ail;
[@lsen =77, [algs —80, |alses —92, @y —164, [a]ws —275 (¢
L8, CHCL); IR (CHOL) vy, 1731, 1370, 1248, 1042 cm™'; 'H
NMR (400 MHz, CDCL) § 6.07 (1H, ddd, [ = 10.3, 2.8, 1.0 Hz, H-
2}, 5.80 (1H, ddd, ] = 10.3, 2.8, 0.6 Flz, 11-3), $.21 (1H, ddd, J = 4.6,
3.1, 1.0 Hz, H-6), 208 (1H, m, H-4), 207 (3H, 5, Ac), 1.95 (3H, 5,
Ac), 183 (1H, m, H-5), 180 (1H, m, H-5'), 1.71 (1H, seped, | = 6.8,
1.3 Hz, H-8), 1.49 (3H, s, CHy.7), 0.90 (3H, d, | = 6.8 Hy, CH,9),
0.89 (31, d, | = 68 Iz, CH,-10); "C NMR (100 Milz, CDCL,) &
1704 (C, Ac), 16%.6 (C, Ac), 133.6 (CH, C-3), 1284 (CH, C-2),
779 (C, C-1), 72.5 (UH, C-6), 37.7 (CH, C-4), 313 (CH, C-8),25.5
(CHy, ©-5), 22,0 (CH,, Ac), 21.2 (CHy, Ac), 211 (CH,, ©-7), 195
(CHy, C-9), 19.2 (CHy, C-10); HRESIMS m/z 2771418 [M + Na]"
{caled for C\Ha0, + Na®, 277.1410).

{=)-{35,45,6R)-3,6-Digcetoxy-1-menthene  (14]: colorless oil;
[@lsne —85, (@] —88, [@lss —99 [@]4 —160, [y —234 (c
2.6, CHCL); TR (CHCL) i, 1721, 1466, 1371, 1022 cm'; 'H
NMR (400 MHz, CDCL) 6 5,58 (1H, dd, ] = 2.3, 1.5 He, H-2), 522
{VH, m, H-3), 5.20 (1H, m, H-6), 208 (31, 5, Ac), 207 (3H, 5, Ac),
183 (1H, m, H-5), 1,78 (1H, m, H-8), 1.77 (1H, m, H.4), 1.7] (3H,
brt, J = 14, CH-7), 1.58 (11, m, 1H-5'), 0.92 (31, d, | = 6.7, CH,-
9), 0.83 (3H, d, | = 67, CH,10); C NMR {100 MHz, CDCL,) &
1707 (€, Ac), 170.6 (€, Ac), 1353 (C, C-1), 1274 (CH, C-2), 710
(CH, C-3), 69.2 (CH, C-6), 39.4 (CH, C-4), 26.9 (CH,, C-5), 26.4
{(CH, C-8), 21.1 {CHy, Ac), 21.0 (CHy, Ac), 203 (CH,, C9), 199
{(CH,y, ©-7), 17.2 (CHy, €-10); HRESIMS m/z 2771408 [M + Na]*
(caled for €,y Hy 0, + Na', 277.1410).

{+)-(45,5R,65)-5,6-Dihydroxy-1(7),2-menthadiene (17); white
solid; mp B6—88 “C (CHCL); [a]se +113, [algs +118, [ales
4138, (@] 4235, [a]y 4377 (¢ L1, CHCL); IR v, 3556, 2058,
1389 1056 em'; "H NMR (400 MHz, CDNCL) 8 6,18 (1H, dd, | =
10,0, 2.1 Hz, H-2), 570 (1H, dd, ] = 10.0, 2.6 Hz, H-3}, 5.26 (1H, br
5 H-7), 5,02 (1T, br s, H-7'), 433 (1, brs, H-6), 3.75 (11, br g, H-
5), 225 (1M, m, H4), 1.96 (1H, septd, | = 6.8, 1.7 Hz, H-8), 1.05
(3H, d, J = 6.8 Hz, CH,9), 0.89 (3H, d, [ = 68 Hg, CH,-10); "'C
NMR (100 MHz, CDCLy) 8 143.5 (C, C-1), 1290 (CH, C-3), 127.3
(CH, C-2), 1152 (CHy, C-7), 718 (CH, C-6), 71.4 (CH, C-5), 46.8
{CH, C-4), 28.3 (CH, C-8), 21.1 (CH,, C-9), 185 (CH, C-10)
HRESIMS m/z 186.1497 [M + NH, " (caled for © H 40, + NH,",
166.1489),

{+)-(15,45,5R,6R)-5,6-Diacetoxy-1-hydroxy-2-menthene (18):
white solid; mp 7880 "C; [a)yg +113, [l +118, [ax]y, #134,
[@)yae #234, [e]ag +379 (¢ 0.1, CHCLY; TR (CHCL) v, 3584,
2963, 2875, 1743, 1371 em ™'y "H NMR (400 MHz, CDCL,) 4 5.65
(110, ddd, J = 10,4, 23, 1.1 Hz, H-2), 559 (11, dd, J = 10.4, 2.5 Hz,
H-3), 5,20 (1H, dd, J = 2.2, 1.1 Hz, H-6), 5.11 (1H, dd, | = 83,22
Hg, H-5), 2,38 (1H, ddt, | = B4, 3.6, 2.5 Hz, H-4), 2,15 (3H, 5, Ac),
205 (3H, 5, Ac), 1,80 (1H, septd, [ = 6.8, 3.6 He, H.8), 1.38 (3H, d, |
= 10 Hz CH-7), 102 (31, d, ] = 6.8 Hz, CH - 10), 0.83 (311, d, | =
6.8 He, CH,9); C NMR (100 MHz, CDCL) 5 170.8 (C, Ac), 1705

(C, Ac) 1329 (CH, C-2), 126.1 (CH, C-3), 74.8 (CH, C-6), 70.7
(CH, C-5), 702 (C, C-1), 43.0 (CH, C-4), 27.5 (CH, C-8), 26.8
(CH,, C-7), 21,1 {CH,, Ac), 211 {CH,, Ac), 205 (CH,, C-10), 178
(CH;, C-9); HRESIMS m/z 293.1365 [M]' (caled for € HpuOy
205.1359).

{#)-{15,45,5R,6R)-1,5,6-Triacetoxy-2-menthene (19): colorless oil;
(] g0 +96, [@]gy +103, [@]qs +116, [@]43 +204, [@]e; +333 (¢ 0.8,
CHCL); TR (CHCL) #,, 2954, 1731, 1369, 1053 cm ' "H NMR
(400 MHz, CDCL,) 6 6.04 (1H, ddd, ] = 10.4, 2.5, 1.6 Hz, H-2), 5.70
(VH, t, | = 20 Hz, H-6), 5.66 (1H, dd, | = 104, 2.2 Hz, H-3), 5.08
(1H, dd, ] = 9.6, 2.0 Fz, FI-5), 2.50 (11, dg, ] = 9.6, 2.9 Hz, 1-4),
212 (3H, 5, Ac), 2.05 (3H, 5, Ac), 1.99 (3H, 5, Ac), 1,84 (1H, septd, |
= 6.8, 2.9 Hz, H-8), 1.71 (3H, 5, CH;-7), 1.02 (3H, d, ] = 6.8 Ha,
CHy-10), 0.81 (3H, d, | = 6.8 He, CHy9); “C NMR (100 Mz,
CDCL) & 1706 (C, Ac), 170.1 (C, Ac), 169.6 (C, Ac), 129.2 (CH, C-
2), 126.9 (CH, C-3), 798 (C, C-1), 72.7 (CH, C-6}, 69.4 (CH, C-5),
420 (CH, C-4), 267 (CH, C-8), 24.7 (CH,, C-7}, 220 (CH,, Ac),
20.9 (CHy, Ac), 209 (CHy, Ac), 203 (CH,, C-10), 193 (CH,, C-9);
HRESIMS m/z 3351473 [M + Na]* (ealed for CH,, 04 + Na®,
335.1465).

(+)-(1R,45,5R,6R)-5,6-Diacetoxy- 1-hydroxy-2-menthene (20):
colorless ofl; [i]og +47, [@]n +49, [@lig +56, [@] +97 (e 1.2,
CHCLY; TR (CHCL,) ¢, 3594, 2964, 2875, 1734, 1600, 1370 cm
"H NMR (400 MHz, CDCL) & 5.70 (1H, dd, | = 103, 2.2 Hz, H-3),
563 (IH, ddd, | = 10.3, 22, 1.3 Hz, H-2), 5,29 (1H, dd, ] = 90,25
Hie, H-5), 5.2 (1H, dd, J= 2.5, 1.3 Hz, H-6), 2.36 (1H, m, H-4), 2.09
(3H, 5, Ac), 2.02 (3H, 5, Ac), 1.84 (1H, septd, | = 7.0, 3.6 Hz, H8),
127 (3H, 5, CH,7), 1.02 (3H, d, ] = 7.0 Hz, CH,-10), 0.82 {3H, d,
= 7.0 Hz, CH;-9); *C NMR (100 MHz, CDCL,) & 17046 (C, Ac),
170.6 (C, Ac) 131.2 (CH, C-2), 128.7 (CH, C-3), 74.7 (CH, C-6),
704 (C, C-1), 69,5 (CH, €-5), 42.2 (CH, C-4), 27.0 (CH, C-8), 25.1
(CH,, ©7), 210 (CH,, Ac), 21.0 (CH,, Ac), 204 (CH,, C-10}, 17.5
(CH,, C-9); TIRESIMS m/z 293.1358 [M]' (caled for CH;,0;,
293.1359).

(—)-1R. 45 5R,6R)-1,5,6-Triacetoxy-2-menthene (21): colorless oil;
[@]san =35, [atlse —36, [alse —43, [a]e —BO, [l —145 (c 0.6,
CHCL); IR (CHCL) v, 2959, 1735, 1463, 1369, 1052 cm™; "H
NMR (300 MHz, CDCL) & 6,04 (1H, ddd, [ = 10.3, 24, 1.2 Hz, H-
2), 5.75 (1H, dd, J = 10.3, 2.7 Hg, H-3}, 5.39 (1H, dd, ] = 2.6, 1.2 Hg,
H-6), 5,30 (1H, dd, | = 9.0, 2.6 Hz, H-5), 2.35 (1H, ddd, [ - 9.0, 3.0,
2.7 Hy, H4), 2,10 (3H, 5, Ac), 2.03 (3H, s, Ac), 2.00 (3H, 5, Ac),
L85 (1H, septd, [ = 7.0, 3.0 He, H-8), 151 {3H, s, CH,-7), 1.01 {3H,
d, | = 7.0 He, CHy-10), 0.80 (3H, d, | = 7.0 Hz, CH,-9); "C NMR
(754 MHz, CDCL) 6 170.5 (€, Ac), 1703 (€, Ac), 1695 (¢, Ac),
130.1 (CH, C-3), 1286 (CH, C-2), 79.1 (C, C-1), 72.2 (CH, C-6),
64.9 (CH, C-5), 42.2 (CH, C-4), 27.1 (CH, C-8), 22.0 (CH,, Ac),
21.0 (CHy, Ac), 209 (2CH,, Ac and C-7), 208 (CHy C-10), 203
(CH,, C-9); HRESIMS mfz 3350479 [M + Na|' (caled for
Celly, 05 + Na', 335.1465).

Conformational Calculations. Monte Carlo search
using the Merck molecular force field (MMFF94) followed by single-
point encrgy calculations using DFT at the BILYP/6-31G(d) level of
theary, both implemented in the Spartan'04 software, were carried
out. The MMFF step provided 29, 43, 37, 48, 22, six, and six
conformers for 4, §, 15, 16, 17, IV, and V, respectively, in energy gaps
of 10 keal /mol, while after single-point calculations these conformers
appeared in B.79, 551, B.53, 7.61, 5.68, 3.90, and 5.10 kcal/mol
energy gaps, respectively, Bond distances and dibedral angles of each
conformer were extracted using the Spartan’D4 software, A\m’nsed
and standard errors of these data were estimated osing the Microsolt
Exeel program, Calculations were performed using a laptop computer
operating at 2,20 GHz with 8§ Gb RAM.
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