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Resumen

La determinacion de la estructura tridimensional (3D) de las biomoléculas es de
enorme interés porque nos ayuda a obtener respuestas plausibles acerca de las
implicaciones de los compuestos en el entorno bioldgico. En esta memoria de
investigacion se recoge la caracterizacion estructural de diferentes moléculas percibidas
como dulces: la perillartina, la dulcina y la alosa. Asi como también del acido cafeico, el
cual es un compuesto que se utiliza en la industria farmacéutica.

Todas las investigaciones se llevaron a cabo mediante espectroscopia de rotacion.
En concreto, se utilizaron dos espectrometros denominados Laser Ablation Chirped Pulse
Fourier Transform Microwave (LA-CP-FTMW) que operan en los intervalos de
frecuencias de 2 a 8 y de 6 a 14 GHz. Ademas, se realizaron célculos de mecanica
molecular y mecano-cuanticos que facilitaron el analisis espectral.

Estos estudios estructurales fueron abordados para comprobar la Teoria Molecular
del Dulzor postulada por Shallenberger-Acree-Kier, la cual no se habia podido verificar
debido a la falta de informacion estructural intrinseca de las moléculas. En esta tesis se
pudo analizar satisfactoriamente la disposicion “glucofora” de los tres compuestos dulces.

En la perillartina se identificaron cuatro conférmeros bajo condiciones de
aislamiento generado en la expansion supersonica, todos ellos presentan una
configuracién E del grupo C=N con respecto al doble enlace del anillo. Todas las
geometrias caracterizadas cumplen con los requisitos de la teoria del dulzor, incluso, se
pudo conjeturar con una doble posibilidad de recepcién de la molécula con los receptores
de las papilas gustativas.

En cuanto a la dulcina, se pudieron identificar dos conférmeros, ambas estructuras
estan estabilizadas por una interaccion intramolecular N-H-- -7 entre el -NHz y el anillo
de fenilo. Ademas, se predijo un tercer isomero, pero no se pudo detectar debido al
fendmeno de interconversion conformacional. Todas las especies analizadas estan en
concordancia con Shallenberger, Acree y Kier.

Con respecto a la alosa se lograron detectar tres especies, las cuales exhiben una
disposicion en sentido contrario a las agujas del reloj de la red de enlaces de hidrdgeno
intramolecular. Adicionalmente, se hicieron célculos de interacciones no covalentes
(NClplot), para cerciorarse sobre la disposicion glucéfora. Todas las estructuras cumplen
la teoria del dulzor. La similitud de los puntos glucéforos de la alosa y de la glucosa
podrian ser la razon de la igualdad de dulzor en ambos compuestos.

Finalmente, en la investigacion estructural de la molécula de acido cafeico se pudo
materializar la sutileza en la caracterizacion de la espectroscopia de rotacion, dado que se
consiguid descifrar el paisaje conformacional completo de este compuesto. Esta molécula
presenta ocho especies, las cuales difieren entre ellas ligeramente. Asimismo, este estudio
estructural nos proporciona informacion muy valiosa que nos ayudaria a elucidar los
mecanismos subyacentes a la actividad biologica de este compuesto.






Abstract

The determination of the three-dimensional (3D) molecular geometry of
biomolecules is of great interest because it helps us to obtain plausible answers about the
implications of compounds in their biological environment. In this thesis, we pursue the
structural characterization of molecules perceived as sweet: perillartine, dulcin and allose.
Additionally, caffeic acid, which is a compound used in the pharmaceutical industry is
also studied.

All the investigations were carried out using rotational spectroscopy. More
precisely, two spectrometers known as Laser Ablation Chirped Pulse Fourier Transform
Microwave (LA-CP-FTMW) were used in the 2 to 8 and 6 to 14 GHz frequency ranges.
The results were complemented with computational methods using molecular mechanics
and quantum-mechanical calculations to facilitate the analysis.

The results obtained for the sweet compounds were used in order to verify the
molecular theory of sweetness postulated by Shallenberger-Acree-Kier. This theory could
not be verified so far due to the lack of intrinsic structural information of the molecules.
The results obtained in this work allows to satisfactorily analyze the "glucophore”
arrangement of the three characterized molecules.

Four conformers were identified in perillartine under the isolated conditions of a
supersonic expansion. All the conformers show a E configuration of the C=N group with
respect to the double bond of the ring. Additionally, the characterized geometries meet
the requirements of the sweetness theory, and it was possible to conjecture that perillartine
has a double chance of interacting with the receptors located in the taste buds.

In the study of dulcin, two conformers were detected, both structures being
stabilized by an intramolecular N-H:- -7 interaction between -NH> and the phenyl ring.
Furthermore, a third isomer was predicted but could not be detected due to conformational
interconversion phenomenon. All the species analyzed are in agreement with the theory
proposed by Shallenberger, Acree and Kier.

Regarding allose, three species were detected which exhibit a counterclockwise
arrangement of the intramolecular hydrogen bond network. Additionally, the results were
complemented with calculations using non-covalent interactions (NClplot), to ascertain
the glucophore disposition. All the conformers observed fulfill the requirement of the
sweetness theory. The similarity of the glucophore points in allose and glucose could
explain their similar sweetness.

Finally, the structural investigation of caffeic acid materialized the subtlety in the
characterization provided by rotational spectroscopy, since it was possible to decipher the
complete conformational landscape of this compound. This molecule has eight species,
which differ slightly from each other. Additionally, this structural study provides us with
valuable information that would help us to elucidate the mechanisms underlying the
biological activity of this compound.
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(Introduction)






Introduccién

El proceso sensorial comienza una vez un estimulo fisico o quimico actta sobre los
receptores sensoriales. Es por ello que el estimulo se define como el agente quimico o
fisico que produce la respuesta de los receptores sensoriales externos o internos. Dentro
de los 5 principales sistemas sensoriales, el gusto es una de las experiencias mas duraderas
y satisfactorias del cuerpo y, excepto el dolor, ningn otro sistema sensorial esta tan
completamente desarrollado al nacer. De hecho, la razon de tal desarrollo tiene un sentido
evolutivo. Por ejemplo, las sustancias que provocan el gusto son responsables de
funciones tan importantes como un aporte de sales, proteinas, energia, o pueden alertar
de sustancias peligrosas (toxicas o venenosas) o en mal estado [1-6]. Es por ello que la
capacidad de los animales para distinguir entre algo nutricional frente a algo
potencialmente letal puede significar la diferencia entre la vida y la muerte. Es decir, los
largos afios de adaptacion durante la evolucion ha hecho que la percepcion e impresiones
sensoriales determinen si un alimento es aceptado por determinado animal o no [7,8].

Curiosamente, entre los sentidos del hombre, el del gusto es el menos entendido,
aungue se ha avanzado bastante en la dilucidacion de su funcionamiento. El ser humano
puede percibir un total de cinco sabores: dulce, salado, amargo, acido, y umami. En la
lengua existen alrededor de 10000 pequefias estructuras llamadas papilas gustativas. Estas
estructuras se componen de un conjunto de receptores sensoriales Ilamados receptores
gustativos, que estan conectadas a ramificaciones nerviosas que envian sefiales al cerebro.
Al comer alimentos, estos son disueltos en la saliva, penetrando las papilas gustativas a
través de los poros que hay en la lengua. Estas células nerviosas poseen en su parte
superior unos filamentos que dan respuesta a estas sustancias, generando un impulso
nervioso que llega al cerebro y se transforma en una sensacion: el sabor.

1.1. Receptores qustativos

En un inicio se consideraba que la lengua tenia una distribucién topogréafica de los
sabores en la lengua, es decir, un “mapa del gusto” [9]. En concreto, se pensaba que los
sabores dulce y salado se detectaban en la punta de la lengua, el amargo en la zona
posterior, mientras que el sabor &cido y el sabor umami eran captados en los laterales y
en la zona intermedia de este drgano. No obstante, hoy en dia se sabe que este punto de
vista es incorrecto y que las células receptoras del sabor pueden detectar multiples
modalidades basicas del gusto creando una distribucion uniforme en toda la lengua.

Dependiendo de la proteina receptora, se distinguen dos tipos de receptores
gustativos: ionotropicos y metabotrépicos [10]. Los receptores ionotropicos actian como
un canal iénico ligando dependiente y participan en la percepcién de sustancias saladas y
acidas. Cuando alguna de estas sustancias entra en contacto con estos receptores, los
canales ionicos se abren, produciéndose la despolarizacion de la célula. Posteriormente,
esta despolarizacion desencadena distintos eventos que finaliza en la interpretacion del
cerebro como un sabor (salado para Na* y acido en el caso del H). En cuanto a los
receptores metabotropicos, no son canales idnicos y la sefializacion de éstos depende de
la activacion de varias moléculas dentro de la célula. Cuando la sustancia adecuada
(dulce, amarga o umami) estimula un receptor gustativo metabotropicos, éste genera una
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cascada de acontecimientos moleculares que finaliza con la percepcion del sabor en
nuestro cerebro. En la Figura 1, se detallan los dos tipos de receptores localizados en la
lengua.

Receptores
[onotropicos Metabotropicos
Exterior de la célula D)
: ©
©@ ® ® ® ®® e © ® ® ® o
® _@ — 2 B
— ;[U__::—p —Rel— i H -l
@ : :'.1’ . \/“5_.— »../‘
Interior de la célula Despolarizacion Despolarizacion
Salado Dulce
Acido Amargo
: Umami

Figura 1. Mecanismo de los receptores ionotropicos y metabotrépicos que da lugar a la
percepcion de los distintos sabores.

1.2. Sabor dulce

De las cinco cualidades gustativas, el mecanismo de percepcion del dulzor es uno
de los eventos fisiolégicos mas complejos y se produce cuando los receptores del sabor
dulce son estimulados por algunas moléculas como los azlcares, edulcorantes artificiales,
0 aminoéacidos. Estos receptores, conocidos como receptores T1Rs, estan acoplados a
proteinas G (GPRCs). Existen tres tipos de receptores TIR1, TIR2 y T1R3 que se pueden
unir dando lugar a 3 combinaciones: T1R1+3, el cual da lugar al receptor del sabor
umami, T1R2+3 dando lugar al receptor del sabor dulce y T1R3 solo que conlleva detecta
altas concentraciones de azUcares, pero no el sabor dulce. Estos receptores constan de
proteinas transmembrana con un dominio externo que une a la molécula responsable del
sabor (ligando) y otro dominio interno asociado a proteinas G. La union del ligando al
receptor provoca un cambio conformacional que a su vez crea un cambio en las proteinas
heterotriméricas G, activandolas y provocando una cascada de sefializacion.

En este paso del proceso de transferencia de informacion, las moléculas de
fosfatidilinositol 4,5-bifosfato (PIP2) se convierten a su homologo trifosfato (PIP3) y
diacilglicerol. Posteriormente, el PIP3 se dirige a los canales de calcio produciéndose una
liberacion de Ca?*. El calcio intracelular posibilita la apertura de canales de adenosin
trifosfato (ATP), permitiendo la liberacidn de éstos al medio extracelular. Posteriormente,
los neurotransmisores (ATP) estimulan las células sindpticas. Finalmente, nuestro cerebro
recibe los impulso eléctricos provenientes de las neuronas, y los descodifica en la
percepcion de dulzor [11,12]. La Figura 2 muestra un esquema del proceso.
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Compuestos

Dulces
Compuestos v
Dulces
TRRTTRIRT LLLLs }} FIRRRRRTTT
SLLLLLLLL] WP W B BLLLLL48888 Cerebro
v/ \J
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Sinapsis
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Tiacid ATP
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Figura 2. Esquema sobre el mecanismo de la percepcion sensorial del dulzor.

En este proceso, el cerebro no solo recibe informacion sobre el dulzor de los
alimentos o bebidas, sino que, ademas, se producen profundos efectos bioldgicos. Cuando
consumimos alimentos azucarados, las neuronas en la regién de la recompensa son mas
dindmicas, creando sentimientos de placer [13]. De esta manera, los seres humanos
intentamos recrear estados animicos agradables, 1o que nos lleva a buscar una y otra vez
en este tipo de alimentos [14].

1.3. Edulcorantes

Debido a nuestra atraccion por el sabor dulce, existe un enorme interés en buscar,
disefiar y desarrollar sustancias comestibles que no sean necesariamente azlcares, pero
que emulen dicho sabor. Los aditivos alimentarios, por ejemplo, son sustancias que
normalmente no se consumen como alimentos en si, sino que se incorporan a los
alimentos de forma deliberada. La finalidad por la que se afiaden es diversa y pueden
afiadirse para la conservacion del alimento, intensificar su sabor o modificar alguna de
sus propiedades incluido el dulzor [15].

De forma mas especifica, los edulcorantes son sustancias naturales o artificiales con
la propiedad de dotar de sabor dulce similar al del azicar a un alimento o producto. El
Codigo Alimentario Espafol define a los edulcorantes artificiales como sustancias
sapidas sintéticas que, sin tener cualidades nutritivas, poseen un poder edulcorante
superior al de cualquier hidrato de carbono al que sustituyen o refuerzan [16].

A continuacién, se mencionan los dos usos mas importantes de los edulcorantes a
dia de hoy.
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- Uso de edulcorantes en la dieta

Es un hecho que la sensacion de placer al ingerir alimentos dulces ha provocado un
consumo excesivo de alimentos azucarados. Estos aditivos se afiaden para que los
alimentos tengan un buen sabor y nos sintamos atraidos por ellos. La bolleria, alimentos
precocinados, ultraprocesados o bebidas azucaradas son la principal fuente de azlcares
afiadidos en la dieta de la poblacién de paises industrializados. En consecuencia, un gran
porcentaje de la poblacién de estos paises sufre obesidad, y enfermedades asociadas a
éstas como hipertension, diabetes o caries [17-19]. Se estima que el 20 % de las calorias
que consume un adulto proviene de azucares [20]. Estas calorias equivaldrian a comer 9
cucharadas de azucar al dia.

Desafortunadamente, estos azucares afiadidos no proporcionan ningun beneficio
para nuestra salud y, por este motivo, muchas organizaciones de la salud (OMS)
recomiendan que la poblacion reduzca la adicion de azucar. Asi, en las ultimas cuatro
décadas, ha emergido un mercado de edulcorantes no cal6ricos y productos dietéticos
para responder a las necesidades millones de personas [21-24]. Como se ha mencionado
anteriormente, un edulcorante es un compuesto alternativo al azGcar de mesa que se
emplea para endulzar alimentos o bebidas. Existen diferentes tipos de edulcorantes, los
cuales se clasifican segln su origen: naturales o artificiales. Los edulcorantes naturales se
extraen de plantas (stevia), frutas (fructosa), cafia de azicar o miel. Mientras que los
edulcorantes artificiales son productos de reacciones quimicas llevadas a cabo en un
laboratorio, entre éstos destaca la sacarina. Ademas, estos edulcorantes se dividen segun
el contenido energético: caldricos y no caloricos. Algunos edulcorantes no caléricos o de
alta intensidad presentan contenido calérico pero al utilizarse en pequefias cantidades, su
valor energetico es residual [25].

- Uso de edulcorantes en farmacos

La gran mayoria de farmacos son administrados mediante via oral. Curiosamente,
aungue es menos sabido, el sabor es el factor mas influyente en la aceptacion de estos
farmacos [26]. De hecho, es un requisito importante en el caso de pastillas 0 comprimidos
que son, generalmente, amargos. Por supuesto, existe también un punto de vista comercial
para el empleo de edulcorantes, ya sean artificiales o naturales, en la composicion de los
medicamentos [26].

En cualquier caso, no hay que olvidar que el empleo de edulcorantes no es trivial y
no puede afadirse cualquier edulcorante en cualquier farmaco: por ejemplo, las
interacciones entre el principio activo y los excipientes pueden afectar a la naturaleza
quimica, estabilidad y la biodisponibilidad del medicamento. Esto conllevaria a cambios
en la eficiencia y seguridad del farmaco [27-29]. Algunos edulcorantes comldnmente
empleados en este campo se mencionan a continuacion:

« La sacarosa se emplea en siropes para aportar viscosidad y consistencia a los
fluidos. Es uno de los edulcorantes mas utilizados en farmacos.

10
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« La lactosa se usa a modo de excipiente en pastillas. También es muy utilizado.

« La trehalosa ayuda a incrementar el tiempo de vida de las plaquetas por lo que se
emplea en la conservacion de la sangre. Esto es Gtil para almacenar sangre destinada a las
transfusiones o para preservar embriones.

« El xilitol es empleado en farmacos con propiedades expectorantes, recubrimientos
de vitaminas, y puede encontrarse en la composicién de suplementos alimentarios como
amino&cidos, elementos traza o azUcares no reductores.

En definitiva, el disefio de edulcorantes es muy importante en la actualidad: es
importante encontrar nuevas moléculas que proporcionen un sabor intenso a la vez que
puedan tener otras propiedades beneficiosas y que no sean perjudiciales. Para ello, son
claves dos factores: se necesita una forma de cuantificar la medida de la intensidad y se
necesita entender la interaccion entre el ligando y el receptor, es decir, la relacion
estructura-propiedad.

1.4. Poder edulcorante v requisitos

Normalmente, el poder edulcorante de una molécula no se da en funcién de su
concentracion sino mediante la determinacion del umbral de percepcion del sabor. A
continuacidn, en la Figura 3 se muestran algunos edulcorantes naturales y artificiales.
Asimismo, se especifica la intensidad y el valor energético de estos compuestos [30,31].

Edulcorantes
Naturales i Artificiales
. ™ : NH,
CH,0H : H P ”
H HHO.HC o H HOHC o H H N/ N
H //s\.) . H
o i HO A l,0n NG HOA b ou § Na 3
H OH OH H OH H
D-Sacarosa D-fructosa Ciclamato de sodio Aspartamo
L (1,0;4,0) ) (1,5-1,8; 4,0) (30-50; -) (180-200; -)
CH,OH 0\/0 HeC U\//O
H OH H : ' S—0
H : NI | ]L_K.
moNL_Y/
OH  OH )
HO :
D-alosa H Sacarina Acesulfamo de potasio
O Esteviol (1,8;-) : (300; -) (200; -)
(10-15; -) :
ol H oH OH  OH
”0\)\/\ HO d CH,0H H
Y OH Nowro A i HO I OH HO 7
G OH  OH Su on
H H :
Eritritol D-tagatosa Xilitol Sorbitol
(0,7: 0,2) (0,92; 1.5) (1,0; 3,0) (0,6:2,6)

Figura 3. Estructura quimica de diferentes edulcorantes naturales y artificiales. Entre
paréntesis se detalla la intensidad de dulzor con respecto a la sacarosa y la contribucion
calorica en Cal.g™.

11



Introduccién

Ademas de una alta intensidad, estos aditivos deben presentar una serie de
caracteristicas para que puedan ser empleados en la industria alimentaria o farmacéutica:
deben ser inocuos, es decir que no muestren efectos adversos para nuestra salud (t6xico);
el sabor dulce tiene que ser lo mas parecido al azticar comin y no dejar un sabor metalico
residual (el producto alimenticio final debe tener un sabor similar al tradicional). Ademas,
un edulcorante ideal debe ser soluble en agua y estable tanto en condiciones acidas como
basicas y en un amplio intervalo de temperaturas. Un edulcorante debe ser también
compatible con una amplia gama de ingredientes alimentarios, ya que el dulzor es solo
un componente de los complejos sistemas del sabor. Asimismo, un edulcorante para que
tenga éxito debe tener un precio competitivo en relacion con la sacarosa y edulcorantes
comparables [21].

Sin embargo, como se observa en la Figura 3, es dificil prever cuando una molécula
sera dulce o no, ya que la disposicion estructural y los grupos funcionales que poseen
parecen muy distintos. Por ello, la investigacion y desarrollo de nuevos edulcorantes que
cumplan con todos estos requisitos, no es una tarea sencilla y requiere de una profunda
comprension sobre las bases moleculares del sabor dulce.

1.5. Relacioén estructura-propiedad: teoria molecular del sabor dulce

Desde comienzos del siglo XX, se han buscado las caracteristicas que debe tener
una molécula o sustancia para ser dulce. Los primeros estudios apuntaban a que se
necesitaba una molécula que en su estructura molecular tuviese unos determinados grupos
funcionales. En cuanto a las teorias generales sobre las sustancias sapidas, Faraday y
Arrhenius propusieron la primera clasificacion en la que proponian que los sabores acido
y salado eran generados por moléculas ionizables en disolucion. Las primeras
especulaciones sobre la correlacion entre el dulzor y la estructura quimica de las
sustancias, se remonta a Cohn (1914). Observo patrones simples en la estructura quimica
de los compuestos dulces. Por ejemplo, vio que las sustancias polihidroxiladas y los a-
aminoacidos suelen dulces, mientras que los compuestos altamente nitrados suelen ser
amargos. Al reconocer estos grupos funcionales propuso una unidad sapofora en la
molécula: ésta debia contener un gran nimero de grupos hidroxilos [32].

Posteriormente, Oertly y Myers (1919) sugirieron que los compuestos dulces para
ser percibidos como tal, debian de tener dos unidades a las cuales denominaron
“glucoforo” y “auxogluc”. Un ejemplo representativo de estas especulaciones es el glicol
(HOCH2CH20H), en donde el glucoforo es el HOCH,CHOH, mientras que el hidrégeno
restante actuaria como auxogluc. Esta propuesta puso algo de orden al trabajo de Cohn
[33] y un afio méas tarde, Kodama (1920) [34] especuld sobre la existencia de un
hidrogeno activo o “vibratorio” en las moléculas percibidas como dulce. Este hidrogeno
era una forma de tautomerismo [35]. Posteriormente, numerosos cientificos fueron
aportando diversas modificaciones o teorias sobre el dulzor de los compuestos [36]. En
1966, Deutsch y Hansch [37] sefialaron que, para que una molécula fuera percibida como
dulce, debia de ser hidrofilica y presentar densidad electrénica en un punto especifico de
la molécula.
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Es aqui donde nace una de las teorias mas extendidas del siglo XX gracias a su
sencillez y correspondencia con una gama amplia de moléculas con diferentes grupos
funcionales. En 1967 Shallenberger y Acree [38] propusieron una teoria molecular sobre
el dulzor, postulando que las moléculas dulces contienen un sistema AH-B, en el que AH
es un grupo donor de protones, mientras que B es una unidad aceptora, separados por una
distancia entre 2.5 y 4 A. Estos dos grupos formarian el conjunto denominado como
glucdforo, que podria interactuar con un grupo complementario AH/B, situado en el
receptor de las papilas gustativas, mediante enlaces de hidrégeno.

Finalmente, Kier [39] conjeturd sobre un tercer sitio de recepcion, el cual denominé
como v, el cual presenta un caracter hidrofobico e interacciona con el receptor mediante
fuerzas dispersivas. Este punto se especuld por la estereoselectividad de las moléculas:
los D-aminoéacidos son generalmente dulces, mientras que los L, en su mayoria, no. A
esta disposicion tridimensional completa formados por los puntos AH/B/y, se le conoce
como tridngulo del dulzor. En la Figura 4, se detalla la disposicién glucéfora con las
distancias que debe presentar para que las moléculas sean percibidas como dulces.

"Molécula N

Dulce"

Receptor

B 25 -4 A A-H del gusto

Figura 4. Modelo propuesto en la teoria de Shallenberger-Acree-Kier.

A pesar de que esta teoria pudiera parecer sencilla, ha explicado el dulzor en
diversas moléculas. Algunos de los grupos de moléculas analizadas por Shallenberger,
Acree y Kier [39-41] se muestran en la Figura 5 y se detallan a continuacion:

e Carbohidratos: Los hidroxilos son racionalizados como una entidad bifuncional,
en donde pueden actuar como donadores de protones (AH) o aceptores (B). Por
ejemplo, en la glucosa, el componente donador (AH) es el OsH mientras que el
aceptor es Oz (B). En cuanto al tercer punto v, se sitta en el grupo CH20OH, que en
posicion trans aumenta el caracter hidrofobico mejorando notablemente el dulzor.
Otra molécula representativa de estos monosacaridos es la fructosa, cuya unidad
B/AH, se localiza en Oy y O2H, respectivamente; el punto y se ubica en el Ce.
eOximas: En estos compuestos se ha especulado con varias posibilidades de
interaccion con el receptor. Inicialmente, Shallenberger y Acree sugirieron que la
entidad dadora de protones en la perillartina (oxima mas destacada) estaba
conformado por el grupo hidroxilo de la molécula (AH), mientras que la unidad B
era la nube deslocalizada del anillo. Mas tarde, Kier supuso que el atomo de
hidrdgeno en posicion orto con respecto a la oxima era el punto AH y el oxigeno o
nitrégeno correspondian al punto B.

13
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eUreas: La propiedad dulce de estos compuestos se debe a que contienen la
disposicion glucéfora ubicada en los grupos amina (AH) y carbonilo (B),
respectivamente. Ademas, se conjetura que el punto y esta en grupo alcoxi, en el
caso de la dulcina se localiza en el segundo carbono [36].

e Sulfamidas: En este grupo de compuestos podemos mencionar como mas
representativos a la sacarina y al sulfamato de sodio. La tripartita glucéfora de esta
familia se sitta en los atomos NH (AH) y O (B), con respecto al punto y se encuentra
en un carbono, el cual se sefiala en la Figura 5 para cada edulcorante.

e Aminoacidos: El sistema AH/B es el grupo amino y carboxilo. En estos
compuestos es muy importante el radical (R) y la actividad optica, dado que afecta
a la percepcion de dulzor. La mayoria de los D-aminoacidos son dulces, excepto la
D-alanina.

A-H A-H
OH OH NH,
v
Y
A-H o o N:H I/
HO g OH ° 0B
HO
OH OH HO
OH
a-D-glucosa B-D-fructosa D-Leucina
0
Y L 0 B \E/ ’
\/ 0 \
NH
i\
N NH
X H : v
P A-H 0
H
Dulcina Sacarina
B T Z
OH H OB
N
Perillartina ¥ /\-H\S// .
O// \O' Na

Ciclamato de sodio

Figura 5. Estructura quimica de compuestos dulces y el triangulo del dulzor.

Mas tarde, se propusieron modelos mas complejos como el planteado por Van der

Heijden (1985) et al [36], quienes introdujeron un nuevo parametro para describir el tercer
sitio de recepcion. En este trabajo se especula que la intensidad de percepcion del dulzor,
se debe a la longitud de la cadena del tercer punto. En otra teoria molecular sobre el sabor
dulce se mencionan ocho categorias funcionales organizadas en alta afinidad y sitios
secundarios que contribuyen al sabor dulce [42]. Sin embargo, estos modelos
subsiguientes contienen el concepto tripartito que, a pesar del descuido de la forma
tridimensional, tiene un enorme mérito por su criterio sencillo en la racionalizacion de la
relacion estructura-dulzor.
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1.6. Justificacion y Objetivos

La enorme implicacion de la alimentacion, ademas de los dafios que causan las
dietas modernas ricas en azucar en el bienestar y salud, han hecho que surja un campo en
la investigacion sobre las mejoras de los productos alimenticios existentes y el disefio de
nuevos aditivos a la carta; es decir, que posean las caracteristicas deseadas, pero sin
olvidar que no han de existir efectos adversos.

Como se ha descrito en la introduccién de esta memoria, una teoria muy empleada
y que correlaciona el dulzor de las moléculas con su estructura es la postulada por
Shallenberger, Acree y Kier. En el caso de los edulcorantes, entender si estos cumplen
dicha teoria daria paso a confirmarla o mejorar las teorias actuales. Esto nos ayudaria a
relacionar las estructuras moleculares con aquellos receptores del gusto con los que
interaccionan y, comprender asi, los mecanismos del dulzor y su funcionamiento. Con
esta informacion seria posible proponer el disefio de nuevos edulcorantes artificiales aptos
para el consumo y que cumplan con ciertos requisitos tales como una disminucion del
aporte calorico, no producir alergias e intolerancias, ademas de maximizar la sensacién
de dulzor. También hay que tener en cuenta que, en numerosas ocasiones, una pequefia
modificacion en la molécula o cambio de quiralidad pueden transformar una molécula
dulce en amarga.

Por esta razon es importante estudiar la relacion entre las propiedades de los
edulcorantes con su estructura. No obstante, la informacion estructural que se posee de
los edulcorantes hasta el momento es escasa. Ademas, la mayoria de estudios estan
realizados en fase condensada donde muchas de las interacciones estan perturbadas y
condicionadas por el medio que las rodea. Por ello, determinar la estructura en
condiciones aisladas podria aportar una informacién uatil. Con este fin, el Grupo de
Espectroscopia Molecular (GEM) ha desarrollado técnicas que permiten la transferencia
de moléculas termolabiles de fase sélida a fase gas. De esta forma, es posible observar
los conférmeros mas estables en el espectro obtenido mediante espectroscopia de
rotacion, asi como su abundancia, para poder determinar su estructura y comprobar si
posee un grupo de atomos que forme el glucéforo. Mediante esta metodologia se han
estudiado moléculas importantes como cetohexosas, como por ejemplo la fructosa,
tagatosa, sorbosa y psicosa [43]; polialcoholes como el sorbitol y dulcitol [44]; y otras
sustancias como la sacarina [45], todas ellas poseedoras en su estructura de un glucéforo
como el descrito en la teoria de Shallenberger-Acree-Kier. Un esquema de dichos
resultados se recoge en la Figura 6.
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2.86

Sorbitol

Sacarina

Figura 6. Estructura tridimensional de los edulcorantes de la fructopiranosa, sorbitol y
sacarina con su disposicion glucofora. Las distancias se dan en Angstrom.

Dado los excelentes resultados obtenidos y motivados por ello, el grupo GEM ha
firmado un convenio con la empresa Helios, quienes forman parte del proyecto. Es aqui
donde nace la motivacion de este trabajo: ampliar la investigacion a otras “moléculas
dulces” con diferentes grupos funcionales para continuar aportando datos experimentales
a la teoria del dulzor.

Asi, el objetivo principal de este trabajo es la determinacion estructural de los
conférmeros mas estables de la perillartina, alosa y dulcina, cuyas estructuras moleculares
se muestran en la Figura 7, mediante espectroscopia de rotacion. Esto permitira dilucidar
las disposiciones que adoptan estas moléculas en un entorno libre de interacciones,
determinar cudles seran sus conférmeros mas estables, y la disposicion de los distintos
grupos funcionales, asi como las distancias entre los posibles glucoforos. Los resultados
podrian aportar estudiar la relacion entre las estructuras predominantes y sus propiedades
dulces atendiendo a la teoria de Shallenberger-Acree-Kier.
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II()—N\ : :

perillartina

Figura 7. Estructura molecular de la perillartina, alosa y dulcina.

La razon de la eleccion de estas moléculas son varias. Por un lado, estos
edulcorantes presentan un intenso sabor dulce y esta propiedad excepcional podria
transferirse a la sintesis de otros edulcorantes mas adecuados para el consumo. Por otro
lado, cada molécula presenta distintos grupos funcionales: la perillartina es una oxima
que contiene un ciclohexeno donde el doble enlace se conjuga con el doble enlace C = N
y presenta un grupo hidroxilo. La dulcina es un edulcorante artificial que pertenece a la
familia de las poliureas y presenta dos aminas (primaria y secundaria), un carbonilo, un
anillo aromatico y un grupo alcoxi. Finalmente, la alosa es un monosacarido del grupo de
las aldohexosas, més concretamente es el epimero Cz de la glucosa, y posee varios grupos
hidroxilos.

Aunque esta memoria se centre fundamentalmente en corroborar la teoria del
dulzor, también se realizé la caracterizacion estructural del acido cafeico (Figura 8),
teniendo en mente el afiadido de aditivos en la comida o en medicamentos. El acido
cafeico se encuentra ampliamente distribuido en los alimentos como un éster junto con el
acido quinico, también llamado &cido clorogénico (acido 5-cafeoilquinico) [46-48]. El
acido cafeico muestra una amplia variedad de propiedades fisioldgicas y farmacoldgicas
[49-52], lo que resulta muy atractivo en la industria farmacéutica.

/

HO OH
Figura 8. Estructura molecular del &cido cafeico.

Para llevar a cabo el objetivo propuesto, se llevaran a cabo los siguientes sub-
objetivos:

- Obtener los conférmeros mas estables de la perillartina, alosa, dulcina y acido
cafeico sus momentos dipolares y constantes de rotacion mediante mecanica
molecular y mecanica cuantica, cuyos datos facilitaran la interpretacion del
espectro experimental.

- Preparacion de las muestras y obtencion de los espectros de rotacion mediante
espectroscopia de rotacion en banda ancha acopladas a un sistema laser de
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pulsos de picosegundos. Esto ultimo sera fundamental debido a que las
moléculas de interés no son volatiles.

- Asignacion conformacional de las estructuras méas estables mediante la
simbiosis de las metodologias tedrica y experimental.

- Determinacion de los glucoforo y comprobacion del cumplimiento con la teoria
de Shallenberger-Acree-Kier.
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Metodologia

Las propiedades fisicas y quimicas de las moléculas dependen directamente de su
estructura. Por tanto, es de suma importancia conocer la estructura tridimensional
molecular para asi obtener un mejor conocimiento de los mecanismos implicados en,
por ejemplo, diferentes actividades bioldgicas. La espectroscopia de microondas es
capaz de proporcionar informacién Unica de la estructura molecular intrinseca. De
hecho, esta técnica nos ofrece detalles sobre los cambios mas sutiles, pudiendo
distinguir de forma inequivoca entre los conformeros de los compuestos analizados.

Para llevar a cabo una investigacion estructural de esta indole es necesario
proceder abordando dos tipos de metodologias: la experimental y la computacional. El
diagrama del Esquema 1 muestra una simplificacion de ambas vertientes. La parte
experimental engloba la preparacion de muestras, el manejo instrumental de uno o
varios espectrometros para la adquisicion de medidas y el analisis del espectro obtenido.
Por otro lado, la parte de metodoldgica computacional, implica efectuar célculos de
mecéanica molecular, lo cual permite obtener el panorama conformacional a muy bajo
coste, para posteriormente llevar a cabo célculos mecanico-cuanticos. Estos nos aportan
informacion sobre el valor energético de cada especie de la molécula, asi como
constantes de rotacion y momentos dipolares eléctricos. La asignacién conformacional
final se realiza mediante comparacion de los parametros espectroscopicos obtenidos en
ambas etapas. En las siguientes secciones se detalla cada etapa.

Anlisi
Muestra Muestra ;elSlS
Comercial Compactada Datos
N Propiedades
. .. Espectro
Metodologia Preparacion Espectrémetro Pd N Moleculares
Experimental de la muestra LA-CP-FTM Rotacion Experimentales:
A.B,C. . g e

Estudio
Conformacional

de una Molécula Identificacion

por Conformacional
Espectroscopia
de Rotacién

. Propiedades
Metodologi B d. Panorauta Geometrias Moleculares
Metodo ogm . usque .a Conformacional Moleculares o
Computaciona Conformacional . o Teoricas:
Inicial Optimizadas

AB.C i,

. Analisis
Célculos MM Caleulos DFT de
y ab initio Datos

Esquema 1. Sistematica general en el estudio de la caracterizacion conformacional de
una molécula.
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2.1. Metodologia experimental

- Preparacion de muestra

El estudio experimental de cada una de las moléculas investigadas comienza con
la preparacion de la muestra. Se parte de entre 0.5 a 1 g de sélido y se pulveriza en un
mortero de &gata hasta conseguir un polvo fino que se mezcla con unas gotas de
aglomerante comercial para formar una pasta uniforme. A continuacion, la pasta se
somete a presiones de cerca de 300 MPa con una prensa hidraulica, hasta lograr un
cilindro de muestra compactada de aproximadamente 2 cm de largo y 6 mm de diametro.

- Espectrometro LA-CP-FTMW

Para esta tesis se usd un espectrometro denominado como espectrometro Laser
Ablation Chirped Pulse Fourier Transform Microwave (LA-CP-FTMW). La Figura 1
muestra la secuencia de operacion de dicho espectrémetro [1]. En la primera etapa (1),
la muestra sélida se sitla en un dispositivo motorizado que permite una rotacion y
traslacion constante durante la medicion. Con este mecanismo se asegura una
vaporizacién homogénea de la muestra, ya que el laser impacta en lugares diferentes de
la barra. De esta forma, cada pulso laser incide sobre la superficie que aun no ha sido
ablacionada, haciendo més reproducible el experimento. El laser que se emplea como
herramienta de vaporizacion es un Nd-YAG, el cual opera en el tercer armonico (355
nm) con pulsos de 20 picosegundos de ancho temporal y una energia de 15 mJ por pulso.
Las moléculas, una vez en fase gas, son sembradas en el gas portador (neén) y
posteriormente se inyectan en el seno de un tanque de alto vacio (10~ mbar sin operar y
10" mbar durante el pulsado de gas) mediante una vélvula pulsada, donde se expanden
adiabaticamente [2,3].
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1)

Pulso de Gas

|TGP~1ms | =

Expansion
Supersonical

Pulso de Laser ||
Tp~ 20 ps

>

2)
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~4 s

3)

Sistema de deteccion ’—I '—I H H

_ Toer~ 10 ps

Transformada de Deteccion

Fourier

Dominio del Dominio de
Tiempo Frecuencia

Figura 1. Secuencia de operacion del instrumento.

En una segunda etapa (2), un generador de onda arbitrario (AWG) que opera a 24
GS s produce un barrido lineal de frecuencias en un intervalo de microondas dado. El
pulso de microondas generado es amplificado mediante un amplificador Travelling
Wave Tube (TWT) de 300 W, que polariza las moléculas presentes en la expansion
supersonica. La polarizacion macroscopica de las moléculas conlleva una desexcitacion
de las mismas, produciendo una emisién molecular conocida como Free Induction
Decay (FID). Este FID es detectado mediante un Low Noise Amplifier (LNA) y recogido
con un osciloscopio digital de 50 GS/s 0 25 GS/s en el dominio del tiempo (3). Del
dominio del tiempo pasamos al dominio de frecuencias mediante una transformada de
Fourier.

Es importante mencionar que todo el proceso (pulso inicial, valvula de pulsado,
AWG, amplificador de microondas, laser de ablacion, apertura de la deteccion y
osciloscopio) esta sincronizado mediante un oscilador estandar de rubidio de 10 MHz y
un generador digital de pulsos (Digital Delay Generator). La Figura 2 muestra un
esquema general de la secuencia de pulsos.
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Figura 2. Secuencia de operacion del CP-FTMW: (1) Dispositivo que controla el
Motor; (2) Laser de Nd-YAG; (3) Generador de pulsos; (4) Valvula Pulsada; (5)
Generador de Onda Arbitraria, AWG; (6) Generador digital de pulsos; (7) Atenuador
Variable de Polarizacion; (8) Amplificador TWT; (9-10) Antenas Microondas; (11) Pin
de diodo; (12) Amplificador; (13) Osciloscopio Digital; (14) Oscilador Estandar de
Rubidio.

Para el estudio de los sistemas moléculares realizados en esta tesis doctoral, se
han empleado dos tipos de configuraciones distintas que abarcan distintos rangos: uno
de los sistemas esta optimizado para medir transiciones de rotacion en la zona de 2-8
GHz, mientras que el otro tiene un funcionamiento éptimo en el rango de 6-12 GHz. La
secuencia de operacion es la misma en ambos y la mayor diferencia radica en el disefio
del espectrometro, ademas de algunos elementos del sistema de polarizacion-deteccion.

La Figura 3 muestra una vista esquematizada de ambos instrumentos de medida.
En el instrumento que cubre el rango de 2-8 GHz, se ha utilizado un sistema de
polarizacion de dos antenas de 2-8 GHz ubicadas perpendicularmente a la expansion
supersonica. El sistema de deteccion se basa en un LNA de 2-8 GHz con una figura de
ruido de 2 dB. Este espectrometro es dptimo para moléculas de gran tamafio ya que
tienen unas constantes de rotacién pequefias y, por ello, las transiciones de rotacion
aparecen a menor frecuencia. Como las moléculas estudiadas en esta tesis son de un
tamafio medio, el rango es dptimo para medir las transiciones de rotacion mas bajas.
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Con respecto al espectrometro que cubre el rango de 6-12 GHz, se ha utilizado
como sistema de polarizacion-deteccidn un conjunto de antenas parabdlicas (2-32 GHz)
situadas coaxialmente a la expansion supersonicay un LNA de 1.7 dB. Este instrumento
se ha empleado porque algunas moléculas presentan progresiones de transiciones,
mejores en este intervalo.

Figura 3. Espectrometros CP-FTMW: izquierda: vista superior de la configuracion de
antenas perpendicular al jet supersonico. Derecha: vista frontal del conjunto de antenas
parabolicas.

2.2. Metodologia Computacional

La metodologia computacional es til de cara al analisis experimental, ya sea
para la busqueda de conférmeros, obtener parametros estructurales aproximados,
entender el alcance de las interacciones inter e intramoleculares, etc. Para este trabajo,
emplearemos dos pasos: la obtencién de conformeros mediantes mecanica molecular
y la optimizacion de las estructuras mediante calculos mecano-cuanticos.

- Mecénica Molecular

Las moléculas investigadas en esta tesis son considerablemente grandes por lo
gue poseen varias torsiones haciéndolas muy flexibles. Esto presenta un problema ya
que la exploracion de todos los conformeros, bien examinado todas las posibilidades
a mano o bien mediante intuicion quimica, conllevaria una gran cantidad de tiempo
ademas de correr el riesgo de errores (olvidarse de alguna estructura relevante, repetir
alguna estructura...). Esto hace que el empleo de tratamientos puramente cléasicos sea
extremadamente Gtil para buscar todos los posibles conférmeros. Para ello, se estudian
los minimos de su curva de energia potencial mediante métodos de mecanica
molecular.

La superficie de energia potencial de una molécula es una funcion que representa
la relacion entre las coordenadas de todos sus nucleos y la energia. Por lo tanto, en
cada posicion R de los nucleos se puede obtener un valor de energia E (R). La funcion
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E (R) detalla la superficie potencial del sistema. Un conférmero de una molécula es un
minimo de energia local en la superficie de energia potencial, ya que cualquier
pequefio cambio en las longitudes o &ngulos de enlace da como resultado una energia
maés alta. La estructura mas favorable esta representada por el minimo absoluto. Aparte
de los minimos y maximos de energia se encuentran estados de transicién en la
superficie de energia potencial en forma de puntos silla.

En esta tesis, la realizacion de calculos de mecanica molecular se ha realizado con
un script de basqueda conformacional del programa Maestro [4]. Los elementos bases
empleados por este script durante la busqueda conformacional son los siguientes: se
considera el movimiento nuclear prescindiendo de los electrones; los &tomos son masas
puntuales unidas mediante enlaces, que son descritos como fuerzas armonicas o
elasticas. Asi, todas estas interacciones se pueden especificar como funciones de energia
potencial, que se parametrizan empiricamente para diferentes tipos de atomos, enlaces,
angulos diedros, etc. La combinacion de estas funciones se denomina campo de fuerza
y la energia de la molécula surge como resultado de las desviaciones de estos parametros
de los valores ideales [5]. Existen varios campos de fuerza, pero para la realizacién de
este trabajo solamente se han empleado los denominados Merck Molecular Force Field
(MMFFs) [6] y el llamado Assisted Model Building with Energy Refinement (AMBER)

[5].

El método MMFFs fue desarrollado para el estudio de compuestos farmacéuticos;
principalmente, en aquellos que presentan interacciones no enlazantes como proteinas.
Sin embargo, su uso se extendid gracias a sus excelentes resultados cuando se aplica en
moléculas organicas, como son las que se detallan en este trabajo de investigacion. Con
respecto, al campo de fuerza AMBER fue parametrizado para un limitado nimero de
moléculas organicas y ha sido ampliamente aplicado en biomoléculas y proteinas.

- Célculos Mecano- Cuanticos

Al basarse en fisica clasica, las estructuras obtenidas mediante mecanica
molecular suelen ser inexactas, al igual que los valores energéticos proporcionados. Por
ello, la obtencion de todos los conférmeros en el paso previo requiere de una segunda
etapa.

Una vez adquirido el paisaje conformacional preliminar de cada molécula, se
continda con las optimizaciones de las geometrias moleculares mediante céalculos
mecano-cuanticos. Los resultados obtenidos son de enorme interés, porque nos permite
valores energéticos muy precisos de las estructuras de interés, asi como sus constantes
de rotacion y momentos dipolares eléctricos. Para ello, se utiliza el paquete de
programas Gaussian 2016, con el que conseguiremos soluciones aproximadas de la
ecuacion de Schrodinger electrénica [7].
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Los niveles de calculos que se utilizaron para una buena relacion entre el coste y
la eficacia fueron la Teoria Funcional de la Densidad (DFT), el cual emplea el método
funcional B3LYP [8], con las denominadas Dispersiones de Grimme [9] y calculos ab
initio, en este caso Mgller-Plesset de segundo orden (MP2) [10]. La base que se ha
empleado en las dos metodologias es la base 6-311++G(d,p), una de las llamadas bases
de Pople [11].

La Teoria Funcional de la Densidad es un método que optimiza la densidad de los
electrones, es decir, la energia del estado electronico fundamental de un sistema se
puede determinar mediante la densidad electrénica en lugar de la funcion de onda. Por
otro lado, la metodologia MP2 se basa en la resolucién de la funcion de onda y un
tratamiento de perturbaciones de segundo orden.

2.3. Fundamentos tedricos

La espectroscopia de rotacion se basa en la interaccion de la radiacion
electromagnética con la materia en la region de microondas y como ésta produce
diferentes transiciones entre los niveles energéticos [12,15]. Estos niveles estan
descritos por la ecuacién de Schrodinger independiente del tiempo, que
matematicamente se expresa como:

Ov = Ey (1)

En donde ¥ es la funcion de onda de un determinado nivel energético, E es la
energia del estado estacionario y A es el operador hamiltoniano, siendo la suma de las
energias cinética y potencial del sistema de estudio.

El parametro méas importante en espectroscopia de rotacion es el momento de
inercia (I), dado que contiene toda la informacion estructural de la molécula. El
momento de inercia se puede escribir mediante la siguiente ecuacion:

atomos

I = Z m;.r? (2)

Donde m; representa la masa del &tomo y r; es la distancia perpendicular del &tomo
al eje de rotacion. De esta manera, cada molécula presenta momentos de inercia en
funcidn de la distribucion de sus atomos en el espacio. Asi, dependiendo de los valores
de este parametro, las moléculas se pueden clasificar como: rotor lineal (I, = 0,1, =
1.), rotor esférico (I, = I,, = 1..), rotor simétrico oblate (I, = I, < I.), rotor simétrico
prolate (I, < I, = 1.) y rotor asimétrico (I, < I, < I..).
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Si consideramos la rotacion de un cuerpo rigido mediante un enfoque mecano-
cuéntico, la energia cinética descrita por el hamiltoniano se expresa en términos del
momento angular y queda definida como:

p2 pz p?

H=—+

i 3
TR TR TA ®)

En esta ecuacion, se introducen las constantes de rotacion A, By C, dado que estos
valores son a los que se puede acceder directamente desde el espectro de microondas.
Por tanto, el hamiltoniano se reescribe como:

i 477:2 D2 D2 H2
H= - (AP? + BP? + CP?) (4)

Para moléculas asimétricas se utilizan aproximaciones que consideran casos
limites de niveles de energia para moléculas trompo simétrica “achatada” (molécula
oblate) y trompo simétrica “alargada” (molécula prolate). Las funciones de onda para
este caso, se expresan como combinacion lineal de las funciones propias del trompo
simétrico. De esta manera, la ecuacion de Schrédinger nos permite calcular la energia
de los autovalores del hamiltoniano. En el caso de una molécula oblate se escribe como:

E=BJJ+1) + (C - B)K? (5)

Mientras que para una molécula prolate se define mediante la ecuacion:

E=BJJ+1) + (A- B)K? (6)

La energia de los autovalores estd descrita en unidades de frecuencia, J es el
nimero cuantico momento angular, mientras que K es la proyeccién del namero
cuantico J, el cual puede adoptar dos valores: uno en el limite prolate (K-1) y otro en el
limite oblate (K31).

De este modo, usando las ecuaciones 5 y 6 podemos obtener los valores de los
diferentes niveles de energia para las moléculas, que se ejemplifica mediante el
diagrama de correlacion (Figura 4). Ademas, para cuantificar lo lejos que se encuentra
una molécula de cualquiera de los dos rotores simétricos, se suele emplear el parametro
de asimetria de Ray. Este indicador se calcula de la siguiente manera:

_(2B-A-0)

k=——= )
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Donde k es el parametro de asimetria. Cuando éste tiende a -1, la molécula
presenta simetria prolate; mientras que si k tiende a +1, tiene simétrica oblate.
Finalmente, si k es cero, la molécula es totalmente asimétrica (Figura 4). En general,

podemos considerar que las moléculas oblate o prolate son un caso especial de rotor
simétrico.
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Figura 4. Diagrama de correlacion [12].

Las transiciones no se producen al azar y dependen totalmente del tipo de
asimetria de la molécula. Estas transiciones, por tanto, estan totalmente ligadas a reglas.
Estas reglas de seleccion varian con el tipo de rotor. La condicion mas importante para
que esté permitida una transicion es que el valor de la integral de transicion sea diferente
de cero. Esta integral nos proporciona informacion sobre la probabilidad que se

produzca una transicion entre un estado de partida (¥°’) y un estado de llegada (¥”), lo
cual se expresa como:

W = f P'u¥"dt (8)

Las moléculas de estudio de esta tesis son moléculas asimétricas, y debemos
considerar sus tres ejes de inercia, lo que conlleva la existencia de las tres componentes
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del momento dipolar eléctrico (Ha, Wb Y Kc). Como consecuencia, existen distintos tipos
de transicion: tipo a, tipo b y tipo c.

Otra regla de seleccion esencial para que una transicion esté permitida esta
relacionada con la variacion del nimero cuantico J. J puede presentar valores de | =
10,1, es decir solo pueden ocurrir transiciones en un solo nivel. Cuando J no varia, es
necesario que cambie K_1 0 K+1. No obstante, si J difiere en 4] = +1, sus pseudonumeros
cuanticos pueden cambiar o no. Cada una de estas posibilidades da lugar a diferentes
transiciones que se denominan ramas:

A] =0 RamaQ
A] = —1RamaP
4] = +1 RamaR

Finalmente, en funcion del tipo de transicion existiran diferentes tipos de
restricciones en K.1y K+1. Se resumen en la Tabla 1.

Tabla 1. Se detalla los diferentes valores que pueden tener K.1 y K+1 en funcion del
momento dipolar eléctrico.

Momento dipolar 4K AK+1
ua = 0 0,£2 +1,+3
ub = 0 +1,4+3 +1,43
uc = 0 +1,+3 0,+2

Estas transiciones permitidas o prohibidas se deducen mediante el producto
directo de la representacion irreducible simétrica de los elementos de la integral
momento de transicion (r(y') @ r(ugp,c) @ r(¥') , que ha de contener la
representacion totalmente simétrica.

- Distorsion centrifuga

El modelo del rotor rigido describe de manera fiable la rotacion de las moléculas.
No obstante, las moléculas reales no son rigidas. Los sistemas moleculares presentan
distorsiones durante la rotacion, los cuales modifican la distancia y angulos de enlace.
Este fendmeno se produce por las fuerzas centrifugas que acttan sobre las moléculas.
Este efecto es muy pequefio, pero es necesario considerar un rotor semirrigido en
muchas moléculas, especialmente cuando trabajamos con J altos.

Estas constantes de distorsion suelen tener 6rdenes de kHz y cuando se aplican, el

hamiltoniano de la molécula se describe como la suma del hamiltoniano rigido y el
hamiltoniano de distorsion:
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H= H.+H, 9)

En este trabajo fue necesario emplear el pardmetro de distorsion en algunas de las
moléculas caracterizadas.

2.4. Software empleado

Después de obtener el panorama conformacional de cada una de las especies con
las propiedades de interés espectroscopico, se comienza el andlisis del espectro obtenido
experimentalmente. Esta tarea se puede llevar a cabo gracias a dos herramientas de
analisis de rotacién: JB95 [13] y SPCAT/SPFIT [14]. En estos programas, las
transiciones observadas se ajustan utilizando un hamiltoniano que describe la rotacion
de la molécula. Las frecuencias que aparecen en el espectro experimental corresponden
a la diferencia de energia entre dos niveles de energias de rotacion de las moléculas de
estudio. Estos niveles de energia son autovalores del operador hamiltoniano, el cual
usualmente es expresado en términos del momento angular. Los autovalores resultantes
pueden ser constituidos desde la combinacion lineal de las tres constantes de rotacion
A, By C, las cuales estan directamente relacionadas con la distribucion de masa de la
molécula. Estas constantes son inversamente proporcionales a los momentos de inercia
(la, Ib y Ic), que se obtienen como resultado del producto de cada masa del sistema
multiplicado con los ejes siendo estos a, b y ¢. Asi, estos valores de las constantes de
rotacion son Gnicos para cada geometria molecular estudiada [12,15]. De esta manera,
si se analiza una pequefia seccion del espectro y se tienen las constantes de rotacion,
posteriormente, se puede identificar todas las transiciones que estan contenidas en éste
y, finalmente, hallar cada conférmero del paisaje conformacional responsable de las
transiciones de rotacion.
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In the following, we present the results divided into four chapters: Chapters 3 to
5 include the results obtained for the molecules perceived as sweet: perillartine, allose,
and dulcin, respectively. Chapter 6 deals with the study of caffeic acid, an additive.

All the chapters follow a similar structure: First, an introduction of the interest of
the molecule is given. Then, the results and discussion obtained for each molecule is
detailed. Afterwards, the conclusions obtained for each system follows. Finally, the
selected bibliography is highlighted.

Each chapter has its own annex, collected at the end of this thesis dissertation.
Thus, the annexes of Chapters 3 to 6 correspond to Annex | to IV, respectively.






3. Chapter

Rotational Spectrum and Conformational
Analysis of Perillartine: Insights into the
Structure—Sweetness Relationship

Adapted from: Molecules, 2022, 27(6), 1924.

Abstract: In this chapter, high-resolution
rotational spectroscopy coupled to a laser
ablation source is used to study the
conformational panorama of perillartine, a
solid synthetic sweetener. Four conformers
are identified under the isolation conditions
of the supersonic expansion. The results
show that all the conformers present an E
configuration of the C=N group with
respect to the double bond of the ring. The
observed structures are verified against
Shallenberger—Acree—Kier’s sweetness
theory to shed light on the structure—
sweetness relationship for this particular
oxime, highlighting a deluge of possibilities
to bind the receptor.







Chapter 3

3.1. Introduction

Human’s attraction for sweetness is so strong that modern diet has a strong
dependence on sugar. This fact has contributed to the obesity and several diseases
associated with this condition, reason why some specialists suggest promoting healthier
options such as the consumption of sweeteners [1-3]. A sweetener is defined as a food
additive that provides a sweet taste similar to sugar, and can be classified according to
their origin as natural or artificial sweeteners. For example, carbohydrates are the most
important family of the former, whereas saccharin could be mentioned as the most
representative of the latest [4,5]. The challenge of the food manufacturers is to develop
low or calorie-free products without compromising the real taste of sugar expected by
consumers. However, finding new sweeteners is not an easy task and it usually requires
a deep understanding about the sweet perception of compounds in humans, i.e., how these
sweeteners interact with the receptors. Therefore, obtaining the precise 3D structure of
sweeteners is isolation conditions to find a plausible answer to the long-sought question
of why these molecules are perceived as sweet [6-9] is fundamental.

The first sweeteners analyzed were some natural sweeteners such as fructose or
tagatose among others [10,11]. Subsequently, the study was extended to different polyols
such as dulcitol and sorbitol [12], and the research was continued with one of the oldest
synthetic sweeteners, namely saccharin [13]. To further rationalize the theory of
sweetness and to extend it to sweeteners involving functional groups different than those
of the molecules mentioned above and, given the enormous importance on the continuing
search for better nonfattening sweeting agents and artificial flavoring, we have
investigated perillartine. This synthetic sweetener is especially attractive given its intense
sweet taste, approximately 2000 times larger than sucrose [14]. This peculiar molecule,
which is easily obtained by the oximation of perillyl aldehyde, is an oxime containing a
cyclohexene where the double bond is conjugated with the C = N double bond, as shown
in Scheme 1. Perillartine is used commercially in Japan to sweeten tobacco, but it lacks
further applications due to its low solubility and a lingering ‘metallic’ taste [1].

H\0 N
A

Scheme 1. Molecular sketch of perillartine highlighting its torsional degrees of freedom,
which can give rise to several conformers.

It is worth noticing that this compound exhibits several possibilities for the AH and
B units [15]. Shallenberger & Acree initially suggested that the hydroxyl moiety could
correspond to the AH point, and the delocalized cloud of the ring was proposed as the B
point (see Scheme 2a). Later on, Kier selected one of the hydrogen atoms in the ortho
position with respect to the oxime group as the AH point, and the hydroxyl oxygen as B.
The latter is schematized in Scheme 2b and is in good accordance with several studies of
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oxime derivatives of perillartine [9, 16,17]. Alternatively, Heijden et al. [18] proposed
that both AH and B identities are located within the oxime (Scheme 2c). Although some
studies have been carried out on perillartine and its analogues [16,19-21] such as the
analysis of electrostatic potentials [22], which details the importance of two potential
regions to determine the AH-B system, the three-dimensional structure has never been
specified. Consequently, it has not been possible to verify the characteristic points of the
sweetness theory. In another attempt to corroborate ‘the triangle of sweetness’, the
structure of perillartine was characterized by X-rays [23]. However, the detailed
arrangement of the atoms is distorted in the condensed medium.

a) b) c)
HaC_ ,CH2  HsC_ ,CH HaC  CH,
C C
B
HC = H/CH/ HC =
CH AH CH /C—H
N7 N7 |\||’ AH
I I
OH OH OH
AH B B

Scheme 2. A simplified scheme of the different identifications of the AH and B units
suggested for the structures of oximes [15].

In this context, we have performed the first rotational spectroscopic study of
perillartine using Laser Ablation Chirped Pulse Fourier Transform Microwave (LA-CP-
FTMW) spectroscopy to identify the most relevant conformers of this sweetener. The
results obtained will be compared with the Shallenberger-Acree-Kier’s sweetness theory.

3.2. Results and Discussion
Conformational panorama

Twelve conformers of perillartine have been predicted using the B3LYP-GD3/6-
311++G(d,p) methodology (see Figure 1) [24-26] and can be categorized into different
groups depending on the position of the allyl and oxime groups. The six most stable
structures have a trans configuration between the C=N group and the double bond in the
ring, also known as E (entgegen), and with the oxime group in an anti disposition. This
disposition gives the molecule a greater stability as all the structures with such
configuration are below 1000 cm™. Among the least stable structures, four of them have
a cis arrangement of the C=N group with respect to the double bond in the ring, also
known as Z (zusammen), and the two least stable structures are in a E configuration but
with the oxime group in a sin disposition. Within all these possibilities, starting from
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conformer 5, all of them have relative energies larger than 500 cm™ and are not expected
to be observed in a supersonic expansion.

v
a-E-1
0 161 1291 1392

e-E-11 a-E-11
104 685

e-E-111 a-E-111 e-Z-111
174 929 1481

e-E-1V
1733

e-E-V
1841

Figure 1. The predicted lowest-energy conformers of perillartine below 2000 cm™
relative to the global minimum. Relative energies are given in cm™.
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Broadband rotational spectrum

The broadband microwave spectrum of perillartine between 2.4 and 8.0 GHz is
shown in Figure 2. The rotational spectrum exhibits a high density of lines suggesting the
presence of several rotamers. In a first step, we removed the known photofragmentation
products from the spectra [27-29]. Subsequently, we turned out attention to the calculated
most energetically-stable conformers. As can be seen in Table 1, four structures are below
200 cm™ and are expected to be in our experiment due to their stability. This is in good
agreement with the numerous rotational lines observed in the spectrum. Additionally,
Table 1 shows that the geometries of all the conformers are nearly prolate asymmetric
rotor, with a non-zero . electric dipole moment. This facilitates our analysis due to the
characteristic pattern of appearing at a regular B + C spacing being easily recognizable.
Using this strategy, we located intense transitions corresponding to an approximate
spacing of B + C ~ 750 MHz. An illustration of such characteristic pattern is shown in
Figure 2. We first used the JB95 program to match the predicted spectrum with the
experimental one [30], and a preliminary set of rotational constants was obtained. These
new values of the rotational constants allowed us to refine the search and to expand the
number of adjusted transitions. A total of 27 transitions were measured and fitted using a
rigid rotor Hamiltonian [31] through Pickett's SPFIT / SPCAT program [32]. The
resulting rotational constants for the first rotamer are shown in Table 2. Despite extensive
exploration, no (b- or c- type) transitions were observed in the spectrum indicating that
the dipole moment along these two axes must be low or zero.

Rotamer | =*
Rotamer Il e
Rotamer 111 =
Rotamer 1V +

5+—4
. .
»
X % 87
)
* *
..;*
6+—5 ®
43 : ’ . 9+-8
Te 109
L] W *
* * 5_’_4 ° Y N *
: °
M - * i ®
] = he (] o, l‘ . .8._7
* n . :. ° o
m N
' I ) I L I ’ I 4 I . 1
3000 4000 5000 6000 7000 8000

Frequency (MHz)

Figure 2. Broadband rotational spectrum of perillartine in the 2400 to 8000 MHz range.
Some selected a-type transitions are highlighted for all assigned species.
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In a second step, we removed the rotational lines from the assigned rotamer | and
continued searching for other conformers. Using the same procedure, recognition of a
second spectral signature was straightforward due to the high intensity of another
progression with a similar spacing as that observed for rotamer | (see Figure 2). It should
therefore correspond to another conformer. Initially, a total of 26 a-type transitions were
added to the fit. Subsequently, the rotational constants obtained were used to refine the
search, and look for b- or c- type transitions. However, similarly to rotamer I, no b- or c-
type transitions were observable. The values of the rotational constants of rotamer 1l
obtained after the fit are listed in Table 2.

Table 1. Theoretical spectroscopic parameters for the detected conformers of perillartine.

e-E-I e-E-ll a-E-1 e-E-llI
Al 2904 2930 1834 2831
B 374 378 478 382

C 360 350 461 351
|t ™ 1.0 1.1 1.4 1.0
|tao] 0.0 0.4 0.2 0.3
|tte] 0.4 0.2 0.7 0.2
AEW 0 109 113 185
AEzpe™ 0 104 161 174

[a] A, B, and C represent the rotational constants (in MHz). [b] Ha, HUband L are the electric
dipole moment components (in D). [c] Relative energies (in cm™) with respect to the global
minimum. [d] Relative energies (in cm™) with respect to the global minimum, taking into
account the zero-point energy (ZPE).

Using the same strategy, we removed the lines of the second identified rotamer and
searched for other rotamers. Despite its low intensity, we found another two rotamers
showing weak progressions. For rotamer I11, we measured a total of 11 a- type transitions,
while for rotamer IV a total of 15 a-type transitions were fitted. None of the rotamers
showed b- or c-type transitions. After removing the transitions of these two new rotamers
no lines remained in the spectrum indicating that there are no more conformers populated
enough after the supersonic expansion to be detected. The resulting rotational constants
for the four conformers observed in the experiment are listed in Table 2, while all the
lines for the identified species are collected in the Annex | (Tables Al-1 to Al-4).

Conformational identification

The assignment of the rotamers to the corresponding calculated conformer was
straightforward thanks to the good consistency between the theoretical and experimental
spectroscopic parameters, particularly taking into account the close similarity of the B
and C rotational constants. It can be easily seen in Tables 1 and 2 that rotamers I, II, 111
and IV correspond to structures e-E-I, e-E-Il, a-E-I and e-E-Ill, respectively. Another
factor that is in agreement between the calculated values and the experimental
observations is the absence of b- and c- type transitions for all rotamers. This is in good
agreement with the predicted dipole moment along these axes for all the conformers. This
means that these transitions should be either very weak or non-existence in the rotational
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spectrum, particularly when taking into account that they are directly proportional to the
dipole moments p? in the broadband spectrum.

Table 2. Experimental spectroscopic parameters for the detected conformers of perillartine.

ROT. | ROT. Il ROT. I ROT. IV
AE 2893.8(51) 2914.31(88) 1776.1(79) 2823.8(13)
B 374.7401(11)  379.22485(83)  487.2553(28)  383.84430(70)
C 361.2711(11)  351.56166(81)  468.6639(29)  351.03516(62)
[ Ma ™ Observed Observed Observed Observed
[ Mo - Observed - -
n : : - :
ol 26 19 31 24
N 27 26 11 13

[a] A, B, and C represent the rotational constants (in MHz). [b] ua, 1 and uc are the electric
dipole moment components. [c] RMS deviation of the fit (in kHz). [d] Number of measured
transitions. [e] Standard error in parentheses expressed in units of the last digit.

The detected structures, which are also the most stable ones, are shown in Figure 3.
The main difference between the four main conformers is that structures e-E-l, e-E-II,
and e-E-I11 have the allyl group in an equatorial position, while structure a-E-I has the
allyl group in an axial position. It is worth noting that calculations using the MP2 level
[33] also predicts the same four structures as the most stable structures but with structure
3 as the global minimum (see Table Al-5) . This fact is interesting as it let us to benchmark
current methodologies.

a-E-1 e-E-111

Figure 3. The calculated structures for the four detected species of perillartine. All the
observed species have a trans configuration of the C=N group with respect to the double
bond in the ring and differ in the orientation of the allyl group in either equatorial
(structures e-E-I, e-E-Il and e-E-I11) or axial position (structure a-E-I).
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Using selected transitions of the experimental results we can estimate the relative
populations of the conformers. Only estimated the relative populations of conformers e-
E-l and a-E-1 will be discussed as, due to a possible conformational interconversion
between structures e-E-11 and e-E-I11 (see Figure 4), their population is altered from the
original one. Fortunately, the interconversion barrier between structures e-E-I and a-E-I
is large enough to preclude any conformational interconversion and its population is not
affected by other conformers. Thus, we can use this information to benchmark the
different levels of theories and test which one is correct in the evaluation of the energies.
Our estimations based on intensity measurements, which is also evident by a simple look
at the experimental spectrum (see Figure 2), set structure e-E-I as the global minimum
with the a-E-I structure at ~100-200 cm™ higher in energy. Therefore, B3LYP-GD3 gives
a better description of the energetics. Finally, we would also like to highlight the
importance of adding Grimme Dispersions as the calculations without their inclusion
estimate structure a-E-1 being too high in energy, at 560 cm™, which would result in a
low population of this conformer precluding its detection. The conformational panorama
of this molecule is another illustrative case of the robustness of rotational spectroscopy,
not only for a definitive structural characterization, but also to contrast and validate the
results provided by high-level computational chemistry.

1400 -
1200 -

1000

-50 0
Dihedral C-C-C-C (°)

Figure 4. Relaxed Potential Energy Surface scan (PES) between the e-E-111 / e-E-I1 / e-
E-1 conformers of perillartine computed at the B3LYP-GD3/6-311++G(d,p) level,
varying the CH>-C-C-CHjs torsion (as indicated with an arrow).
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Internal rotation

Perillartine has a methyl group. Nevertheless, we did not find any sign of internal
rotation, meaning that the barrier for this internal motion must be large. In order to
confirm it, we estimated the barrier height for the internal rotation of the methyl group.
The obtained value for the barrier height is ~550 cm™ and, therefore, no rotational
splitting is expected (see Figure 5), confirming our experimental observation.

600

= 0 o
B
ANANA
VRV

0 / T T T '\. '1/. T |\"'/' T T T \
-150 -100 -50 0 50 100 150

Dihedral C-C-C-H (°)

AE (ecm™)

Figure 5. Potential Energy Scan (PES) rotating the methyl group, i.e. the C-C-C-H
dihedral angle, of structure e-E-1. The barrier height is ~550 cm™ and, therefore, no
splitting is expected due to internal rotation.

Structure-property relationship

Once the structures of perillartine have been discussed, we proceed to compare the
geometries of the detected conformers with that of the sweetness theory. We will use the
most stable structure as the heart of discussion, because the main conclusions can be
extended to all the four structures. It has been proposed [9] that the nitrogen atom
corresponds to the proton acceptor point (B), while the ring’s C-H opposed to the C=C
motif is the donor group (A-H) since it is an electropositive site of the molecule. The third
contact point (y) should correspond to the ally group since it is a hydrophobic zone. Figure
6 shows a sketch of the proposed sweetness triangle, i.e. the glucophore tripartite, for the
most stable structure, together with its calculated distances for the main contact points.
We also note that the y point is not a point but a region. In fact, this hydrocarbon section
is important and can vary drastically as shown for perillartine analogues [22]. As can be
seen, the distances agree well with those postulated in the sweetness theory. Interestingly,
the Non-Covalent Interaction plot (NCI plot) [34] in Figure 6, highlights that the main
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points suggested as the “sweetness triangle” are also those involved in the strongest
intramolecular interactions. It makes sense that those functional groups involved in the
strongest intramolecular interactions would also result into the strongest intermolecular
interactions with the receptor.

Needless to say, the same can be applied to the four conformers of perillartine. It is
important to note that, for a molecule to be sweet, not only it is the interaction between
the molecule and the receptor that needs to be taken into account, but also additional
factor such as the propensity of the molecule to “reach” (solvent interactions) or “fit”
(molecular size) in the receptor. Interestingly, the axial and equatorial dispositions of
perillartine are considerably different allowing more diversity to fit in the receptor.
Additionally, the several conformers in the axial position, which some of them may be
interconverting continuously at room temperature, gives perillartine several shapes
increasing the change to fit in the receptor, as is they were slightly different pieces of a
puzzle. Altogether, these properties could increase the chance of perillartine to interact
with the receptor making it a particular sweet molecule.

Triangle #1

- >

Strong Interaction van der Waals Strong Repulsion

Interaction

Figure 6. Left: the most stable structure of perillartine showing a possible sweetness-
triangle. The distances are given in Armstrong. Right: NCI plot of the most stable
structure of perillartine.
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3.3. Conclusion

The molecular geometry of perillartine has been investigated in the gas phase using
rotational spectroscopy. Four structures, which correspond to the most stable structures,
have been identified. The four structures show a trans configuration of the C=N group
with respect to the double bond in the ring. Among them, one of the structures have the
allyl group in an axial position, while three structures are in equatorial disposition
differing in the orientation of the allyl group.

All the conformers are in accordance with having a three-point contact as
proposed by the sweetness theory. In general, our work provides additional support to
Shallenberger-Acree-Kier’s theory that links the chemical structure of conformers with
the sweetness of a molecule.
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4. Chapter

Understanding the sweetness of the rare
sugar pB-D-allose

Adapted from: Phys. Chem. Chem. Phys., 2022, 24, 23076-23081.

Abstract: D-allose is a
monosaccharide  known
as 'rare sugar'. In this
chapter, we study its
conformational landscape
using laser ablation in
combination with high-
resolution rotational
spectroscopy. Three
species are identified. The
three  conformers are
stabilized  through a
counter-clockwise
intramolecular hydrogen
bond network. All the conformers show a similar structural disposition, but differing in
the position of the hydroxymethyl group. We study the effect of epimerization on the
main aldohexose and find that the main conformers in glucose and allose are very similar
and have similar abundances, which could explain the similar sweetness of both
molecules.
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4.1. Introduction

Carbohydrates are one of the most important class of biomolecules found in our
planet. The most basic units are the monosaccharides which are the simplest form of
sugar. There are more than 50 types of monosaccharides on Earth, each one with
characteristic and extraordinary properties [1,2]. Among them, glucose is an aldohexose
that deserves a special mention due to being the most abundant monosaccharide, playing
a key role in many processes important to life such as glycogenesis or photosynthesis [3—
6]. Glucose, together with mannose and galactose, is found in the human body [3,7-9].
Interestingly, allose, the Cs epimer of glucose, is rarely found in nature and belongs to the
rare sugars category [10]. In fact, B-allose has only been isolated from the leaves of the
Rubropyl Protea, an African bush,[8] in which it appears bound to two esters. On the
other hand, glucose is the structural unit of cellulose, which is the most abundant
biopolymer on Earth [11,12].

Despite being a rare sugar, D-allose has numerous benefits for human health. For
example, it has several benefits as an antioxidant [13-15], it provides anti-tumor
properties [16-19], and it has anti-inflammatory effects [20-22]. Additionally, D-allose
is perceived with an intensely sweet taste similar to glucose [23], and is 80% sweeter than
sucrose [24]. More importantly, allose does not go through the metabolism process, so it
is ultra-low calorie making it an ideal table-sugar substitute [25].

Due to the structure-property relationship, all the properties of allose should be
strongly related to its structure. Therefore, details at a molecular level could shed some
light on its properties. Additionally, the effects of epimerization can be studied: It is very
interesting how the variation in the position of a single OH group (see Figure 1) gives rise
to similar and different biological implications at the same time: both molecules present
a similar sweetness, but while B-D-glucose is among the most abundant organic
compounds in the biosphere [12], B-D-allose cannot be metabolized and barely exists in
nature. Likewise, the structural determination of allose could allow us to understand the
mechanisms underlying the antioxidant or antiproliferative activity.

H OH
B-D-allose B-D-glucose

Figure 1. Chemical structures of f-D-allose (left) and f-D-glucose (right).

The conformational preferences of this sugar have so far been experimentally
investigated using X-ray crystallography [26], from Vibrational Circular Dichroisms
(VCD) measurements [27], from the results using Vibrational Raman Optical Activity
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(ROA) [28], and from NMR studies [29,30]. However, the intrinsic conformational nature
of the molecule has not been revealed, since these studies have been carried out in a
condensed phase. In order to determine the structure of B-D-allose free from any
environmental effect, in this chapter we present a rotational spectroscopic study of 3-D-
allose using Laser Ablation Chirped Pulse Fourier Transform Microwave (LA-CP-
FTMW) spectroscopy.

4.2. Results and Discussion
Conformational panorama

In order to ease the experimental characterization of allose, we initially performed
a conformational search. As shown in Figure 2, B-D-allose can adopt different
configurations depending on the orientation of the hydroxymethyl group. The Newman
projection indicates the torsion angle as the angle (having an absolute value between 0°
and 180°) between bonds to two specified (fiducial) groups, one from the atom nearer
(proximal) to the observer and the other from the further (distal) atom [24]. The resulting
conformations around the terminal hydroxymethyl group give rise to the G+ (60°), G-
(60°), T (180°), g+ (60°), g- (60°), and t (180°) configurations. We used the symbol cl or
cc to describe the clockwise (cl) or counterclockwise (cc) arrangement of the cooperative
network of intramolecular hydrogen bonds. A total of 8 stable structures of p-D-allose are
found within an energetical window of 1000 cm™ relative to the global minimum. The
structures are shown in Figure 3, while the relevant spectroscopic parameters are collected
in Table 1.

B-D-allose 4C, chair

(a) (b)

Figure 2. (a) Haworth projection of B-D-allose. (b) *C1 chair conformation.

As can be seen, the eight most stable structures have a “C1 ring configuration, which
results in a higher stability. Interestingly, the six most stable conformers have a
counterclockwise intramolecular hydrogen bond network between the hydroxyl groups,
while the clockwise arrangement is energetically less stable. Among the six most stable
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structures, the structures differ in the orientation of the hydroxymethyl group, with those
positioned towards the molecule (structures G-g+/cc/t, G+g-/cc/t, and Tg+/cc/t), being
800 cm™ more stable than those with the hydroxymethyl group pointing outwards due to
the extra hydrogen bond. Only the three most stable structures are expected to be
populated enough in a supersonic expansion [23, 33—-35].

G-g+i/ccit G+g-/ccit Tg+/ccit G-g-/ccit
0 76 290 772

G+ticelt G-t/cclt G-g+/clig+ Tticl/ig+
796 929 947 954

Figure 3. The eight most stable conformers of f-D-allose calculated using the MP2/6-
311++G(d,p) methodology. Energies are given in cm™.

Table 1. Calculated spectroscopic parameters for B-D-allose at MP2/6-311G++(d,p).

G- G+ T G- G+ G- G- T

g+/cc/t  g-/cc/t  gt/cclt  g-/cclt  tlecht t/cclt g+/c/lg+  tlclg+
Al 12735 12329 1466.4 13703 12525 13156 1288.8  1476.7
B 813.3 801.0 723.4 765.0 783.6 792.9 803.7 730.2
C 562.0 533.8 529.6 551.9 533.7 560.2 558.3 530.2
|| ™] 3.0 2.8 3.3 1.8 0.2 0.3 0.8 3.4
(o] 1.6 1.5 0.2 0.3 1.1 1.4 2.6 0.2
M| 2.2 0.4 0.4 2.1 0.1 2.2 0.3 0.3
AEM 0 103 243 808 958 969 1042 899
AEzpe™ 0 76 290 772 796 929 947 954
AGH 0 45 320 701 676 735 826 984

[a] A, B, and C represent the rotational constants (in MHz). [b] Ha, Mo and L are the electric
dipole moment components (in D). [c] Relative energies (in cm™) with respect to the global
minimum. [d] Relative energies (in cm™) with respect to the global minimum, taking into
account the zero point energy (ZPE). [e] Gibbs energies (in cm™) calculated at 298 K.
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Broadband rotational spectrum

The broadband microwave spectrum of B-D-allose obtained in the 4-8 GHz
frequency range is shown in Figure 4. After removing the spectral signatures of known
photofragmentation products [31], the spectrum still consisted of several rotational lines,
indicating that several species must be present. The identification was done using the
calculated spectroscopic parameters, starting from the most energetically-stable ones. As
shown in Table 1, all the conformers are prolate asymmetric tops with relatively high
values of the electric dipole moment component pa. Thus, our strategy was to locate a set
of characteristic a-type R-branch transitions, with a spacing of ~ B+C. It was very easy
to observe such pattern for a first rotamer I, due to the intense a-type R-branch transitions
that were fitted using a rigid rotor Hamiltonian [32,33]. The generated rotational constants
allowed us to expand the assignments to the b- and c-type transitions. A total of 141
transitions were finally assigned, resulting in 65 a-type, 29 b-type, and 25 c-type R-branch
transitions added to the fit. Table 2 collects the rotational constants obtained.

*Rotamer [ SE

® Rotamer I1

A Rotamer III

61655

I3y
L4

- - r T
6700 6800 6900 7000 7100

I T T T T T T 1
4000 5000 6000 7000 8000

Frequency (MHz)
Figure 4. Bottom: Broadband CP-FTMW rotational spectrum of B-D-allose in the 4-8

GHz frequency region. Top: Inset of the CP-FTMW spectrum showing selected rotational
transitions ascribed to the three detected rotamers.

60



Chapter 4

After assigning all the rotational lines belonging to the first rotamer, several lines
still remained unassigned in the spectrum, so we searched for other candidates. Two
additional rotamers were found. 77 transitions, including a- and b-types, were measured
for rotamer 11, while only 24 a-type rotational transitions were observed for rotamer I11.
The experimentally obtained spectroscopic parameters for each species are listed in Table
2, while all the lines for the identified species are collected in the Tables All-1 to All-3.

Table 2. Experimental and calculated spectroscopic parameters for p-D-allose.

Experimental Theory
| I I G- Gr T
g+/cc/t  g-/cclt  gticcht

Al 1267.54158(31)1  1230.06990(42) 1457.052(17) 12735 12329 1466.4
B 810.31204(19) 796.28806(22)  721.77324(78) 813.3 801.0 7234
C 559.37787(22) 530.88028(14)  526.66014(67) 562.0 533.8  529.6
|a™! Observed Observed Observed 3.0 2.8 3.3
| o) Observed Observed - 1.6 15 0.2
[V Observed - - 2.2 0.4 0.4
A 0.0150(12) - -
c 10.8 16.8 15.1
N [ 141 77 24
AEM 0 103 243
AEzpeld 0 76 290
AG ™M 0 45 320

[a] A, B, and C represent the rotational constants (in MHz). [b] HWa W and e are the electric
dipole moment components (in D). [c] A; is the quartic centrifugal distortion constant (in kHz).
[d] RMS deviation of the fit (in kHz). [e] Number of measured transitions [f] Relative energies
(in cm) with respect to the global minimum. [g] Relative energies (in cm™) with respect to the
global minimum, taking into account the zero point energy (ZPE). [h] Gibbs energies (in cm™)
calculated at 298 K. [i] Standard error in parentheses in units of the last digit.

Conformational identification

Tables 1 and 2 show that there is a good correspondence between the experimental
rotational constants of rotamer | with those calculated for the G-g+/cc/t structure. The
selection rules further confirm the assignment as the dipole moment in the three axes have
a significant value, and all types of rotational transitions were observed. Similarly, the
experimental rotational constants and selection rules of rotamer Il are in good agreement
with those of the G+g-/cc/t structure. Finally, the rotational constants of rotamer IlI,
which are radically different from the other two rotamers, along with the observance of
only c-type transitions, are in good agreement with the predicted values of the Tg+/cc/t
structure. We note how the obtained rotational constants at B3LYP-GD3BJ/6-
311++G(d,p) level of theory agree very well with the experimental values. We calculated
the scale factors by dividing the experimental rotational constants by the calculated ones.
Scale factors ranging from 1.002 to 1.006 brings the predicted values of the rotational
constants into coincidence with the experimental ones [34, 35].
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We also estimated the relative population of the detected conformers based on the
intensities of the rotational transitions and the predicted dipole moments. We found that
the G-gt+/cc/t and G+g-/cc/t structures have a similar abundance (50% and 40%,
respectively), while the Tg+/cc/t structure is only about a 10%. These results are in good
agreement with the estimated abundances using the relative energies.

Analysis of the main intramolecular interactions

The structures of the three experimental conformers of B-D-allose are shown in
Figure 5. As previously stated, the three conformers of B-D-allose anomer present a “Cy
arrangement due to the presence of intramolecular interactions between the OH groups,
which behave as bifunctional entities, acting as proton donors or proton acceptors. This
cooperative hydrogen bonding network observed for all shapers is arranged
counterclockwise and is made up of the series O4H (eq) — OsH (ax) — O2H (eq) — O:H
(eq). The three detected conformers, which are also the three most stable structures, only
differ in the orientation of the CH2OH group.

.
O4H--O3H---O,H--O4H O4H--O4H"-O,H--O,H OgH-+-O4H---O3H---O,H---O,H
G-gticci/t G+g-fccit Tg+/cclt

2.05 /

237"

248

2.48
O;H+-O3H--O,H--O4H O4H--O3H:-O,H--OH OgH-+-O4H---O3H---O,H---OH
G-g+/cc/t G+g-lcclt Tg+/ceit

Figure 5. (a) Three-dimensional structures of the three observed conformers of B-D-
allose showing the cooperative intramolecular hydrogen-bonding networks. (b) A
comparison with the observed structures of f-D-glucose [20]. The distances are given in

A
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Structure-property relationship

We now proceed to analyze the effect of epimerization. As stated in the
introduction, both the C; and C4 epimerizations studied so far present some notorious
changes: for the C1 epimerization an extra conformer is observed in a-D-glucopyranose
[36], while for the C4 epimerization it drastically changes the conformational behaviour
by altering the abundances of the most stable conformers, as well as the main
intramolecular forces that stabilizes them [37]. Figure 5 compares the intramolecular
hydrogen bond distances for the detected conformers of -D-allose and B-D-glucose.
Interestingly, the comparison, a priori, seems to indicate that both structures behave
similarly: for both molecules, three stable conformers have been detected. They all
present a cooperative intramolecular network involving the OsH (eq) — OzH (eq) — O2H
(eq) — O1H (eq) functional groups, and the relative population of the two most stable
structures is about 45% each, while the third conformer is a minor species (about 10% of
the relative population).

Furthermore, a comparison of the sweetness triangle suggested by the Shallenberger
for glucose [38,39], by choosing the AH/B/Y points for allose, also gives the same
outcome (see Figure 6). All the distances are in good agreement with the theory proposed
by Shallenberger-Acree-Kier.

B-D-allose B-D-glucose

Figure 6. (a) Three-dimensional structures of the three observed conformers of p-D-
allose showing the cooperative intramolecular hydrogen-bonding networks. (b) A
comparison with the observed structures of f-D-glucose [20]. The distances are given in

A

To sum up, the fact that both molecules behave similarly and that they meet exactly
the same criteria for the sweetness triangle, altogether could explain why both molecules
present a similar sweetness.
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Influence on their natural abundance

But, why is glucose abundant in nature while allose is barely found commonly?
Why does glucose metabolize in the body while allose is not? Understanding the latter is
important to synthetize new artificial sweeteners.

A careful inspection of both molecules show that there are some important
differences between both epimers. The conformers of B-D-glucose exhibit weaker
intramolecular hydrogen bonds than those of B-D-allose. This is due to all hydroxyl
groups being in an equatorial arrangement and therefore in alternate positions, enlarging
the non-covalent bond distances [36,40,41] the OsH (eq) — OsH (eq) — O2H (eq)
hydrogen bond distances decrease about 0.2 A when going from B-D-glucose to p-D-
allose. In order to evaluate the strength of the intramolecular hydrogen bonds within each
sugar, we carried out a computerized numerical analysis and graphic user-assisted
interpretation of the electronic density (p) and its derivatives using the NClplot program
[42,43]. The results are collected in Figure 7. There is indeed a relatively strong
cooperative hydrogen bond network for B-D-allose in contrast to B-D-glucose, which
shows very weak non-covalent interactions for the OsH—OzH and OsH—O2H
intramolecular interactions.

HO o -0

Cellulose

B-D-allose B-D-glucose

- >

Strong Interaction Van der Waals Strong Repulsion

Figure 7. Top: the non-covalent interactions of the most stable conformer (G-g+/cc/t) of
B-D-allose and B-D-glucose. Bottom: the unbranched polymer of B-D-glucose occurs
through the linkage of p(1—4) D-glucose units. The responsible hydroxyl functional
groups (OsH and O4H) that have a strong intramolecular hydrogen bond in f-D-allose but
weaker in -D-glucose are encircled.
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One exciting outcome about the differences in the intermolecular interactions of
allose and glucose is related to their biological function. As explained earlier, glucose is
very common in nature and is metabolized by humans and other animals, while allose is
scarce and it is not metabolized. One possible interpretation could be that it is due to their
differences in the strength of the intramolecular interactions discussed above: the
cellulose polysaccharide requires the construction of a linear chain of several hundred to
many thousands of p(1—4) linked D-glucose units (see Figure 6); because this covalent
bond happens through the OsH hydroxyl group of the anomeric C4 carbon, the formation
of such polysaccharides should be statistically more favorable if the O4H is easier to
attack. In B-D-glucose, the hydrogen bond is considerably weaker than in -D-allose, and
thus the energetic cost to polymerize the former should be considerably lower as it
requires breaking a weaker bond. The same applies to the energetic cost required to
breaking the bonds during the metabolisms, leading the evolution to design more specific
enzymes towards glucose rather than for allose.

4.3. Conclusion

The combination between laser ablation and rotational spectroscopy has allowed us
to identify the conformational preferences of the 3-D-allose carbohydrate unequivocally.
Three conformers have been identified showing a cooperative network of hydrogen bonds
ina O4H (eq) — OsH (ax) — O2H (eq) — O1H (eq) disposition and in a counterclockwise
(cc) arrangement. The three conformers only differ in the orientation of the
hydroxymethyl group.

The effect of epimerization on the C3 atom has also been investigated by comparing
the results of B-D-allose and B-D-glucose. On the one hand, both molecules behave
similarly as they present the same number of conformers, the interaction that stabilizes
them are alike, and the population of the main conformers is similar. Additionally, all the
conformers are in accordance with the sweetness theory and both molecules have the
same glucophore sites. All this similarity could explain why both molecules present a
similar sweetness.

On the other hand, despite the main conformers being very similar, the cooperative
hydrogen bond network in allose is considerably stronger than that in glucose. This could
be the reason why cellulose, an unbranched polymer of B-D-glucose, is among the most
abundant organic compounds in the biosphere, while f-D-allose is scarce.
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5. Chapter

The Structural Sign of Sweetness in the
Artificial Sweetener Dulcin: A Rotational
Study

Abstract: This chapter
reports on the structure of
dulcin, an artificial
sweetener. Its solid
compound is vaporized by
laser ablation and
characterized under jet-
cooled conditions using a
chirped-pulsed Fourier
transform microwave
spectrometer. Two
conformers are identified by
comparing the experimental
spectroscopic ~ parameters
with the theoretical ones. Both structures are stabilized by an N-H:- & intramolecular
hydrogen bond between the -NH> and the phenyl ring. A third conformer is also predicted
but not detected due to conformational interconversion. All the observed conformers have
a glucophore and are in good agreement with the theory of sweet taste proposed by
Shallenberger-Acree-Kier’s.
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5.1. Introduction

Carbohydrates, such as the well-known glucose or allose studied in the previous
chapter, are known for their sweet taste. They have polyhydroxy functional groups, a
carbonyl group, and four different chiral centers. In fact, most of the early works about
the structure and sweetness relationship were based on the most distinctive chemical and
physical properties of common saccharides. To further confirm the theory of sweetness
in compounds with different functional groups, in this chapter we study dulcin (Scheme
1), a molecule that belongs to the polyurea family. In this family, the position of the
alkoxy group substituent in the ring is thought to influence the taste of the compound [1].
Interestingly, while the ortho disposition is tasteless, the meta substitution leads to
bitterness and replacement of the para position provides a sweet taste.

Dulcin was discovered in 1884 by Joseph Berlinerblau during a reaction between
chlorine cyanide and p-phenetidine (p-C2HsO-CsHs-NH2). The intermediate product was
treated with water and isolated as a new compound named as p-ethoxyphenylurea (dulcin)
[2,3]. Interestingly, dulcin is the second artificial sweetener ever synthesized and has a
sweet taste 250 times larger than sucrose [4]. In regard to the sweetness triangle theory,
the AH and B groups could correspond to the amine and carbonyl groups, respectively
[1,5]. The y point is speculated to be the second carbon of alkoxy group since the 4-
methoxyphenylurea compound is considerably less sweet, and since its propoxy
derivative is slightly sweet [5]. Despite that dulcin was considered as a perfect sweetener
for diabetics [6,7], it was banned in 1950 for using it as a food additive due to its adverse
effects [8-10] such as carcinogenesis [11] . Nevertheless, due to its intense sweet capacity
it is still being researched and used as a model compound for stimulating the taste buds
of the human tongue [12,13]. Its unique properties must be related to its structure, so it
can be used to the synthetize similar molecules more suitable for consumption but with
no adverse effect.

\/O 5

N:a 3‘NHZ

H

Scheme 1. Chemical structure of dulcin. The arrows indicate the torsional degrees
of freedom.

While some derivatives of polyureas have been studied using different techniques
such as X-rays, NMR spectroscopy, or semi-empirical calculations, there is no accurate
structural determination for dulcin [14]. Consequently, there is no precise data to
corroborate the theory of sweetness for this molecule. In this chapter, we present a
rotational spectroscopic study of dulcin using Laser Ablation Chirped Pulse Fourier
Transform Microwave (LA-CP-FTMW) spectroscopy. As we will show, dulcin presents
four stable conformers for which two of them are detected and one is missing due to
conformational interconversion. All the conformers meet the requirement suggested by
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the theory of sweetness. We provide accurate structural information and propose the
possible glucophore sites [15,16].

5.2. Results and Discussion

Conformational panorama

Figure 1 shows that dulcin has several torsions, so a rich conformational panorama
is expected. Thus, we conducted a conformational search using Molecular Mechanics and
obtained 17 structures within a 25 kJ/mol energy window. Afterwards, we used high-level
guantum-chemical calculations at the MP2 and B3LYP-GD3BJ levels obtaining a total
of 13 different structures. The structures are shown in Figure 1 and the energetics and
relevant rotational parameters are collected in Table 1.

Figure 1. The 13 low-lying structures of dulcin.
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Table 1. Calculated spectroscopic parameters for the dulcin conformers at the MP2/ 6-311++G (d,p)
level of theory.

1 2 3 4 5 6 7 8 9 10 11 12 13
A? 2787 3068 2832 2394 3205 2122 2691 2321 2143 2361 2726 2172 2584
B 312 304 311 339 302 357 332 337 356 341 311 352 334
c 293 290 286 322 284 326 313 329 321 315 295 335 320
Ma 4.9 51 0.6 4.6 0.0 5.0 5.0 52 1.0 0.4 14 13 0.3
Mb 0.9 0.8 1.4 1.2 3.7 0.4 0.5 0.2 14 1.0 2.6 2.8 3.9
e 0.9 15 1.9 11 1.6 1.0 15 1.3 1.0 2.8 0.2 11 2.7
AE° 0 21 399 356 452 399 386 394 733 752 888 850 924

AEzpe® 0 6 374 414 421 438 442 450 786 805 882 909 964
AG® 9 0 399 489 442 497 530 534 875 916 446 895 807
[a] A, B, and C represent the rotational constants (in MHz). [b] pa, pb and pc are the electric dipole
moment components (in D). [c] Relative energies (in cm™) with respect to the global minimum. [d]
Relative energies (in cm™) with respect to the global minimum, taking into account the zero-point energy
(ZPE). [e] Gibbs energies (in cm™) calculated at 298 K.

Rotational spectrum

Figure 2 shows the broadband rotational spectrum of dulcin in the 2-8 GHz range
obtained with our LA-CP-FTMW spectrometer. Initially, lines corresponding to known
photofragment species and water clusters were identified and removed [14,15]. The
remaining spectrum consisted in very intense lines, most likely due to a predominant
conformer. To ease the search for the rotameric species, the calculated rotational
constants in Table 1 were used as a starting point. Our first search started from the most
stable species, which also has a strong pa dipole moment. It was easy to observe intense
R-branch a-type transitions of a first rotamer (see Figures 2 and 3), separated
approximately B + C with an approximate spacing of 590 MHz, and corresponding to
values of J ranging from J=3 to J=12 [19]. Tentative assignments were made on the basis
of the close match-up of several strong lines in the spectrum, and a total of 59 a-type
transitions were fitted using a rigid rotor Hamiltonian by using the nonlinear least-squares
fit program developed by Picket [20,21]. In the next step, the newly obtained rotational
constants were used to predict a more precise simulated spectrum. Weak c-type transitions
were located and included in the fit. The obtained rotational constants for this first rotamer
are collected in Table 2, and all the lines are collected in the Table Alll-1.
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Figure 2. Broadband rotational spectrum of dulcin from 2 to 8 GHz. The a-type R-branch
transitions separated approximately B+C are highlighted. The upper part details a
zoomed-in section of rotational spectrum in the 6540 to 6580 MHz range showing some

selected transitions for the two rotamers observed.

74



Chapter 5

87
1,04 08 /o7
10,8 -
: ] 8,7
; 06 1815+ 717 2 és 7
04 - / 26 /25
02 l o 8174716
0,0 'I == | T | ' | T T T I ]
4720 4740 4760 4780 4800 4820
nn ]
J'—) 8«7
1 7+6 | |
109 e -BYC o8
0,8 - - - ~B+C ' ;
0,6 -
0,4 -
21 | |
| . | . . ,
0.0 T T == T T T T T T T ™ L|
4000 4250 4500 4750 5000 5250 5500
50.04 . 813"‘171? 4
: 817+ 716
: 8os* 707 \
10,024 ’/
5:0_00 4“ L W
I M I ' I M 1 4 I ' I
i 5160 5190 5220 5250 5280 5310

Figure 3. Top panel: Section of the broadband rotational spectrum of rotamer Il in the 4
to 5.5 GHz range. The pa-type R-branch transitions are highlighted in red and show a
spacing corresponding to the B+C value. Middle panel: zoomed-in section of the J*’=8
«— J’=T7 Ua-type R-branch transition (in red) for conformer Il. Lower panel: zoomed-in
section of the J”’=8 «— J’=7 Ua-type R-branch transition (in blue) for rotamer IV.

After identifying all the lines corresponding to rotamer I, several weak lines were
still present in the spectrum, so we continued searching for other conformers. Another a-
type progression was observed, and a total of 12 transitions were fitted obtaining the
rotational constants for a second rotameric species shown in the Table 2 and all the lines
are collected in the Table Alll-2. No b or c-type transitions were observed. After
removing their corresponding peaks, no more lines remained in the spectrum indicating
the absence of more species in the rotational spectrum.
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Table 2. Experimental and calculated spectroscopic parameters for the dulcin at the MP2/B3LYP-D3
level of theory and using the 6-311++G (d,p) basis set.

Experimental Theory

Rotamer | Rotamer 11 1 2 3 4
Al 3052.1532(53)"  2413.98(76)  2787/2814  3068/3113  2832/2893  2394/2387
B 304.82621(33) 336.70893(42) 312/310 304/303 311/307 339/336
C 292.43629(32)  319.08422(42) 292/290 290/288 286/279 322/316
AP 0.00589( 93) -0.0117(17)
Ax 0.128(17) 0.135(84)
[Ha] Observed Observed 4.9/5.1 5.1/5.4 0.6/0.5 4.6/5.1
[Ho] 0.9/1.2 0.8/0.5 1.4/2.3 1.2/0.9
[e] Observed 0.9/1.0 1.5/1.5 1.9/1.1 1.1/1.3
ol 9.1 6.3
N[ 52 12
AE 0/0 2117 399/331 356/339
AEzpe!™ 0/2.4 6/0 374/337 414/375
AGU 9/2 0/2 399/333 489/333

[a] A, B, and C represent the rotational constants (in MHz). [b] A;and A are the quartic centrifugal
distortion constants (in KHz); pa, Wb and i are the electric dipole moment components (in D). [c] RMS
deviation of the fit (in kHz). [d] Number of measured transitions [e] Relative energies (in cm™) with
respect to the global minimum. [f] Relative energies (in cm™) with respect to the global minimum, taking
into account the zero-point energy (ZPE). [g] Gibbs energies (in cm™) calculated at 298 K. [h] Standard
error in parentheses in units of the last digit.

Conformational identification

Conformational identification can be achieved by comparing the experimental and
theoretical spectroscopic parameters. Table 2 shows a comparison between the
experimental rotational constants of the two rotamers detected and the values predicted
for the four most stable species below 500 cm™. The conformational identification was
straightforward: as can be seen, there is an excellent agreement between the experimental
rotational constants of rotamer | and the conformer labeled as conformer 2. This structure
is predicted as one of the most stable species. Additionally, the values of the dipole
moment are consistent with the observation of strong a-type lines and weaker c.type
transitions. Regarding to rotamer II, its rotational constants are in good agreement with
conformer 4, which is considerably higher in energy. The selection rules and energetics
confirm such assignment: its population is predicted to be low and it has a high dipole
moment for the a-type transitions. This is in good agreement with the weak lines observed
for the a-type transition, as well as with the non-detection of the b- and c-type transitions.

Conformational relaxation

As can be seen in Table 2, calculations point to two stable species (isoenergetic)
and another two weak conformers. Because only two species are present in the rotational
spectrum, one showing intense lines and another one with weak transitions, we looked
for an explanation for the absence of structures | and Ill. Structure | is isoenergetic with
structure Il and has a strong pa dipole moment so its population should be high. Thus,
strong a-type rotational transitions should be expected. In order to rule out theoretical
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inaccuracies, the structures were optimized using B3LYP-GD3. Using this methodology,
structures 1 and 2 are still predicted as isoenergetic (see Table 2), but the energetics values
are reversed and structure 2 appears as the global minimum in good agreement with the
experiment. Nevertheless, this fact only explains the correct energetically ordering but
does not explain the absence of structure 1, which should be considerably populated.

It is well known that a supersonic expansion can change the conformational
distribution during the cooling process. Due to the collisions with the carrier gas, some
or all of the population of a higher-energy conformer can interconvert to a lower-energy
conformer, distorting the thermodynamic data obtained from the experiment and giving
rise to missing conformers [22]. This conformational lost usually happens when the
isomerization barrier is low enough [23]. To test whether isomerization from conformer
1 into 2 is taking place, the potential energy surface connecting both structures was
explored by rotating the CCNC and NCNH torsional angles using the B3LYP-GD3
method. As shown in Figure 4, the calculated interconversion barrier is very low, about
140 cm™, indicating that there is a large transfer from the population of conformer 1 into
conformer 2, which most likely precludes its detection.

Relative Energy (cm'1)

NCNH / Deg

CCNC / Deg 100
\
120 ™

2501

200+

150+

100+

Relative Energy (cm™)

50+

Figure 4. The potential energy surface (PES) of dulcin rotating the torsional angles C-
C-N-C and N-C-N-H, calculated using the B3LYP-GD3 method. The interconversion
barrier is low, resulting in a relaxation of conformer 1 to 2.
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Regarding to conformer 3, we did not find any obvious interconversion barrier and,
therefore, the explanation for its non-detection must be due to other facts. Taking into
accounts its energetics, the population in the jet should be very close to that of conformer
4. But because its dipole moment is significantly lower than that of conformer 4, which
already showed very weak rotational transitions, altogether its signal probably falls below
the sensitivity of the instrument.

Structure-property relationship of dulcin and its sweetness

In order to study the relationship between the observed structures of dulcin with its
sweetness, we rationalized the geometries in terms of the sweetness theory. Assuming a
total conformational interconversion between conformers | and Il, the experimental
population of both conformers make up ~81.1 % of the abundance of the conformational
landscape of dulcin. This is in good agreement with the calculated populations of the two
most stable structures (~45% for each). Thus, despite that conformer | has not been
detected, it should be taken into account. Furthermore, it is very likely that, at room
temperature, both conformers would be interconverting between them continuously. The
most stable conformer of dulcin is stabilized through an intramolecular interaction
between the -NH. and the phenyl ring. Additionally, the -NH-CO-NH> group is disposed
almost perpendicular to the aromatic ring. This geometry is also affected by the donor
contribution of the alkoxy group. Regarding the other stable conformer, conformer I, its
structure is similar to conformer Il but with the urea group located opposite to the alkoxy

group.

As shown in Figure 5, the AH-B pair could correspond to the -CO-NH> group: the
proton accepting species (B) would be the -CO- group, and the donor entity (AH) would
be NH2 group. Alternatively, a second glucophore unit is proposed with the -NH-CO-
moiety of the molecule. The calculated distance for the AH-B system is 2.3 A in good
agreement with the proposed distances for the AH-B pair according to the sweetness
theory. Therefore, both possibilities are consistent with the contact points and distances
proposed by this theory. Regarding to the y point, which is a critical point for stereo-
selectivity, is the alkoxy group and should distinguish between the two positions of the
urea group. This contact point is in good agreement with that proposed by Peer and
coworkers [5]. It is also interesting to note that, as explained above, at room temperature
these two structures should interconvert continuously due to the low interconversion
barrier. This maximizes the probability of interacting with the receptor and could explain
why this molecule has such a degree of sweetness. Thus, the structures of dulcin meet the
requirements of the sweetness theory proposed by Shallenberger-Acree-Kier.
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Figure 5. The three detected conformers of dulcin. The sweetness triangle is detailed for
each conformer. The numbers (given in Angstrom) indicate the distances between the
atoms in the triangle.

5.3. Conclusion

The conformational panorama of dulcin has been investigated using LA-CP-FTMW
spectroscopy in the isolated conditions of a supersonic expansion. Out of the four stable
conformers, two of them have been unequivocally identified in the rotational spectra. One
of'the structures is “missing” due to conformational interconversion. The other conformer
probably falls below the sensitivity due to its low abundance and low dipole moments.
The two most stable structures are stabilized through an intramolecular interaction
between the NH2 group and the 7 electronic cloud of the phenyl ring group. The second
detected conformer presents a similar arrangement but with the alkoxy group rotated out-
of-plane from the phenyl group.

Two triangles of sweetness are proposed for the conformers of dulcin that are in
accordance with the theory of sweetness proposed of Shallenberger Acree-Kier. We
observe a good correspondence between the 4H/B/y point in the detected conformers and
the distances proposed in the sweetness theory. This knowledge in the polyurea families
could serve to validate the sweetness theory and to help in the design of new artificial
sweeteners
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6. Chapter

Unveiling the Eight Forms of Caffeic Acid

Abstract: In this chapter

the complete conformational J;XI{’
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of the rotational constants supported by high-level computations. Additionally, this
structural information should help to elucidate the mechanisms underlying the biological
and pharmacological activity shown by this archetypal hydroxycynnamic acid.
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6.1. Introduction

In the last decades, natural products have been presented as essential scaffolds in
the drug design and discovery process [1]. Despite a myriad of small organic and
biomolecules have been employed in the search for potential therapeutical agents,
phenolic acids stand above the rest [2-5]. This family of compounds is widespread in
nature with over 50,000 diverse species identified so far [6]. They are originated mainly
in plants, which synthesize them in large quantities as a product of their secondary
metabolism [7].

Owing to their noticeable chemical heterogeneity, these molecules are classified
into different groups according to their molecular structure [8]. Among them, of
paramount importance are hydroxycinnamic acids, which are present in nearly all plants
[9-11]. The major representative hydroxycinnamic acid is caffeic acid (trans- 3-(3,4-
dihydroxyphenyl)prop-2-enoic acid). Despite it is not used as a sweetener, it is commonly
found in food as several simple derivatives such as esters and a mides [12,13], and can be
used as a dietary antioxidant. Therefore, it is interesting to include it in the prese

nts thesis. Additionally, the pharmacological profile of this molecule and their
derivatives is quite broad, highlighting their potential use as anti-cancerigenous [14-17]
and anti-inflammatory agents [18-20], as well as their remarkable antioxidant and
scavenging activity [21-24].

It is well known that the aforementioned biomedical properties mainly rely on the
corresponding structure-activity relationship [25]. Hence, deciphering the shape of these
species at the molecular scale appears as a very stimulating target to better understand the
mechanisms underlying the biological activity shown by certain phenolic acids. In this
context, several theoretical and experimental structural studies have been devoted to the
study of this archetypal hydroxycinnamic acid [26—30]. However, these investigations are
limited to the condensed phase and, therefore, the structural information might be altered
due to the formation of intermolecular interactions with the surrounding media. Thus, a
thorough investigation under the isolation conditions of the gas phase should provide
compelling information regarding the shape, but most importantly, the intrinsic
conformational features of caffeic acid. Within this framework, while some dietary
antioxidants (i.e., vitamin C) have received considerable attention [31], relatively little is
known about the three-dimensional structure of several plant-derived polyphenolic
compounds, such as caffeic acid.

High-resolution microwave spectroscopy coupled with an ultra-fast laser ablation
vaporization system has demonstrated to be a robust tool in the investigation of the
conformational landscape of other phenolic acids, such as trans-cinnamic and trans-p-
coumaric [32]. In the current chapter, we aim to perform a comprehensive rotational
spectroscopic study of caffeic acid, which has remained as an elusive target so far due to
its high melting point (213 °C). These findings should be of interest to unveil its role as a
versatile pharmacophore and could lead to a search for more effective caffeic acid
derivatives.
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6.2. Results and Discussion
Conformational panorama

The complete conformational panorama consists of eight distinct conformations of
remarkable stability, all of them below 400 cm * relative to the global minimum. The
structures are collected in Figure 1, and we list the theoretical spectroscopic constants for
all plausible conformers of caffeic acid in Table 1. The eight candidate structures can be
sorted in two different groups or families, labelled as syn and anti, according to the
different orientation of the pendant ring with respect to the meta-OH group (see Figure
1). This event gives rise to a distinctive and substantial change in their moments of inertia,
which is further transferred into the rotational constants. Moreover, for each family, four
different conformers arise from a variation in the disposition of the terminal carboxyl
group (cis or trans) or a change in the orientation of the catechol hydroxyl group
(clockwise, a, and counterclockwise, b). These subtle structural changes are expected to
yield a slight yet specific variation in the values of the rotational constants, significant
enough to allow conclusive discrimination in case all the structures are irrefutably
characterized.

.." =]
r *]
=]
9
2

cis-b

g v]
’ *]
>

trans-a

syn anti

Figure 1. The eight lowest-in-energy conformers of caffeic acid predicted by
theoretical calculations.
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Table 1. Calculated spectroscopic parameters for the caffeic acid conformers.

Syn- Anti-

Parameters cis-a cis-b trans-a trans-b  cis-b cis-a trans-b  trans-a
Al 2269.4 2269.4 2279.1 2279.6 2479.6 2479.1 24635 2463.4
B 3215 322.1 323.1 323.7 309.6 309.9 312.2 312.5
C 281.6 282.1 283.0 283.4 275.2 275.4 277.1 277.3
Ma 1.7 4.2 2.1 4.6 2.0 3.3 2.8 4.2

b 3.0 1.2 0.2 4.0 0.9 3.8 35 1.2

Me 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
AEzpe 0 139 145 334 65 213 276 364
AGH 0 161 133 336 44 135 223 364

[a] A, B, and C represent the rotational constants (in MHz); pa, pand peare the electric dipole
moment components (in D). [b] Relative energies (in cm™) with respect to the global minimum,
taking into account the zero point energy (ZPE). [c] Gibbs energies (in cm™?) were calculated
at 298 K. Theoretical computations were carried out at the B3LYP-GD3/ 6-311++G (d, p) level
of theory

Broadband rotational spectrum

Figure 2 shows the rotational spectrum of the caffeic acid obtained in the 2.75-6.5
GHz range. As can be seen, the spectrum is extremely dense. We first removed the known
electronic lines from the spectra as they hindered our analysis [32, 33] . Then, after a
careful inspection, we manage to identify strong b-type R-branch progressions, which
clearly dominate the spectra, and were ascribed to a first rotamer (rotamer I). We extended
the analysis to other b-type Q-branches and weaker a-type R-branch lines and performed
the corresponding fit to a rigid-rotor Hamiltonian. The resulting experimental
spectroscopic constants are presented in the first column of Table 2.

Table 2. Experimental spectroscopic parameters for the caffeic acid rotamers I-1V.
Experimental

Rotamer | Rotamer II Rotamer I11 Rotamer IV
Al 2262.22348 (78) 1 2263.95 (20) 2271.20 (49) 2272.9750 (10)
B 321.88280 (31) 322.45623 (55) 323.51160 (12) 324.00522 (45)
C 281.96625 (23) 282.4286 (54) 283.36153 (98) 283.77359 (41)
| Ml Observed Observed Observed Observed
| Mo Observed - - Observed
e - - - -
A -1.1 -1.1 -1.2 -1.2
ol 14.4 11.6 18.2 14.9
NIl 55 16 14 27

[a] A, B, and C represent the rotational constants (in MHz). [b] Ma Mo and L are the electric
dipole moment components. [c] 4 = I — l.— Iy in uA% Conversion factor: 505379,07 uA? MHz.
[d] rms deviation of the fit (in KHz). [e] Number of fitted transitions. [f] Standard error in
parentheses in units of the last digit.
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Figure 2. a) Broadband CP-FTMW rotational spectrum of caffeic acid from 2.75 to 6.5
GHz showing characteristic R-branch progressions for rotamers I-1V; b) Remaining
spectrum resulting from removing the lines ascribable to rotamers I-1V. Transitions
belonging to rotamers V-VIII are depicted. Intensity is given in arbitrary units.

We then searched for lines that fall in the vicinity of those belonging to rotamer I,
and succeeded to identify several progressions of a-type transitions attributable to three
different rotamers, labelled as 11, 111 and IV. After a careful exploration of the spectrum,
several b-type transitions were also measured for rotamer IV. Nevertheless, it was not
possible to locate c-type transitions, which is in accordance with the pc = 0 predicted
dipole moment component for all plausible conformers of caffeic acid (see Table 1). The
rotational constants derived from the corresponding rigid rotor analyses are listed in the
second, third and fourth columns of Table 2, respectively. Additionally, all the lines for
those rotamers are collected in the Tables AlV-1 to AIV-4.

Afterward, we removed the lines belonging to the four rotamers. After a closer
examination of the remaining spectrum, we were able to identify several a-type
progressions ascribable to four new rotamers, labelled as V, VI, VII and VIII. For
rotamers VI and VI, we extended the analysis to other b-type lines; however, no c-type
spectrum was observed for any of the rotameric species. We list in the four last columns
of Table 3 the experimental spectroscopic parameters obtained for rotamers V-VIII, while
all the lines for those species are collected in the Tables AIV-5 to AlV-8.
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Table 3. Experimental spectroscopic parameters for the caffeic acid rotamers V-VIII.
Experimental

Rotamer V Rotamer VI Rotamer VI Rotamer VIII
Al 2473.82 (67) 11 2474.36056 (90) 2456.980 (13) 2458.81 (93)
B 309.7585 (85) 310.02508 (40) 312.2982 (48) 312.6236 (11)
C 275.4663 (83) 275.70948 (25) 277.28203 (49) 277.5706 (12)
[ e Observed Observed Observed Observed
| Mol - Observed Observed -
e - - - -
A -1.2 -1.4 -1.3 -1.4
ol 13.9 14.3 154 16.1
NG 14 40 22 7

[a] A, B, and C represent the rotational constants (in MHz). [b] Ma Mo and i are the electric
dipole moment components. [c] 4 = lc — I — I in uAZ2. Conversion factor: 505379,07 uA? MHz.
[d] rms deviation of the fit (in KHz). [e] Number of fitted transitions. [f] Standard error in
parentheses in units of the last digit.

Conformational assignment

At first glance, the values of the rotational constants of the eight rotamers are
coherent with those for a sizeable molecular species such as caffeic acid. In fact, it is easy
to distinguish that rotamers | to 1V correspond to the syn family, while rotamers V-VIlI
belong to the anti-species. However, within each group, no immediate conclusion can be
obtained from the values of the rotational constants alone, since they are extremely close
for the conformers belonging to each category. Nevertheless, we can achieve a complete
conformational identification of the observed rotamers based on a thorough investigation
of the trend of the rotational constant’s values compared to the predicted changes. Hence,
when going from rotamer | to rotamer I, the experimental changes in the rotational
constants are AA = 1.7 MHz, 4B = 0.6 MHz, and AC = 0.5 MHz, which perfectly match
with the theoretically predicted ones of 4A =0.0 MHz, 4B = 0.6 MHz, and AC = 0.5 MHz
in going from syn-cis-a to syn-cis-b (see Figure 3). Therefore, it points to the
identification of rotamer I as syn-cis-a and rotamer Il as syn-cis-b, respectively. Note that
the slightly higher difference in the value of the A rotational constant can be easily
rationalized in terms of the nearly prolate nature of caffeic acid. Afterward, in Figure 3 it
is shown that the predicted changes in rotational constants when going from the syn-cis-
b to syn-trans-a conformer are in excellent accordance with those derived from the
experimental values of Table 2 when going from rotamer 1l to rotamer 111, thus leading
again to the conclusion that rotamer Il is syn-cis-b. What is more, the experimental
changes in rotational constants between rotamers I11 and 1V are only coherent with those
calculated between the syn-trans-a and syn-trans-b caffeic acid. Additionally, the dipole
moment selection rules allow us to further corroborate the identification of rotamer I and
IV as conformers syn-cis-a and syn-trans-b.
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For all four anti-conformers, these structures differ from the syn-conformers in the
orientation of the carboxylic group (see Figure 1), which is translated into a significant
change in the rotational constant’s values. However, similar to the syn conformers, we
need to inspect firstly the trend of the rotational constant’s values to decipher the subtle
structural modifications between each anti-conformer and, therefore, attain a definite
conformational identification (see Table 3). For the anti-family, these minimal
differences (i.e. the reorganization of the OH groups) produces once more distinctive
shifts in rotational constants, which serve as a conclusive proof to decode each structure
while “travelling” between conformers. Therefore, we can identify the relative anti-
energy minimum, anti-cis-b, as rotamer V and, subsequently, tie rotamers VI, VII and
VIII to conformers anti-cis-a, anti-trans-b and anti-trans-a, respectively. The small
experimental changes observed in the values of the rotational constants are again fully in
harmony with the calculated shifts at the B3LYP-GD3 level (see Tables 1 to 3),
irrefutably corroborating the conformational identification.

syn anti

trans-a
Rot VIII
-]

trans-b 1 cis-b
RotlV § RotV

cis-a
Rot |

Experimental | Theoretical Experimental | Theoretical

Ad=17 |A4= 0.0 Ad=-0.5 Ad= 14 Ad= 0.5 |A4d= 0S5 Ad=-0.1 Ad= 18

AB= 0.6 |AB= 0.6 AB= 0.6 AB= 0.5 AB= 03 |AB= 03 AB= 0.4 AB= 103

AC= 05 |AC= 05 AC= 04 AC= 04 AC=02 |AC= 02 AC= 03 AC= 03
Theoretical | Experimental Theoretical | Experimental

cis-b Theoretical trans-a cis-a Theoretical trans-b
Rot 11 Ad= 97 Rot 111 : RotVI Ad=-15.6 5 Rot VII
AB=1.0 ] AB= 23
AC= 09 AC= 1.6
Experimental Experimental
Ad= 76 Ad=-174 o
AB= 1.1 AB= 23
AC= 09 AC= 1.6

Figure 3. Experimental and calculated changes in the values of the rotational constants
(in MHz) induced by different orientations of the catechol hydroxyl groups or the
carboxylic group.

Structure-property relationship

A final remark regarding the structure-activity relationship of caffeic acid can be
derived on the basis of the observation of its complete conformational panorama. All the
observed conformers exhibit small negative values of the inertial defect, varying between
-1.389 and -1.104 uA?, which implies that all species are actually planar but exhibit a low
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out-of-plane vibration. This small variation in the planarity of the conformers is mainly
due to the C(ph)-C-C-COOH torsion [34-37].

It is known that some of the most important features of potent antioxidants consist
on the presence of catechol hydroxyl groups (OH groups attached to a benzene ring) as
well as planar phenylopropanoic moieties stabilized by resonance (mainly in radical and
radical cation forms). Moreover, they can be reinforced by the presence of additional
electron donating functional groups such as hydroxyl and methoxyl groups. All of these
features are indeed present in all the experimental structures - the eight plausible
conformers- highlighting a deluge of possibilities for the caffeic acid scaffold to act as a
pharmacophore.

6.3. Conclusion

In summary, we have transferred the caffeic acid scaffold into the gas phase and
probed it in isolation conditions by laser ablation chirp pulsed Fourier transform
microwave spectroscopy (LA-CP-FTMW). We have undoubtedly deciphered the
complete conformational landscape of this versatile pharmacophore, which consist of a
total of eight distinct conformers. A unique set of rotational parameters have been
provided for each of them. Two different skeletal frames (syn- and anti- forms) can be
differentiated for caffeic acid based on a torsion of the pendant ring, which produces a
distinctive change in the moments of inertia. Moreover, all the feasible spatial
arrangements have been unleashed thorough an inquiry of the trend of the rotational
constants supported by high-level theoretical computations, showing a broad intrinsic
conformational space.

We have observed that all the observed conformers are practically planar, which is
reflected in the values of the inertial defect. The three-dimensional structural information
provided in this work should be of great interest to comprehend the physical-chemical
properties shown by this archetypal hydroxycynnamic acid and shall ultimately shed light
on the mechanisms underlying its biological and pharmacological activity.

Additionally, our investigation may perhaps help as a preliminar step on the design
of new caffeic acid-based pharmacophores. We are currently pushing the limits of
rotational spectroscopy, highlighting its potential as an outstanding characterization
technique for the investigation of very similar structures exhibiting analogous rotational
constants. Within this framework, we plan to extend our research to unveil the shape of
more natural products that have remained, until now, elusive for high-resolution
rotational studies.
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Conclusions

All the work collected in this Memory have been carried out during the Ph.D.
period. In general terms, structural studies of sweet molecules with different
functionalities, Perillartine (Chapter 3), D-allose (Chapter 4) and Dulcin (Chapter 5), have
been addressed in the gas phase by rotational spectroscopy with the aim of sheding light
into the sweetness-structure relationship, supporting the old sweetness theories postulated
by Shallenberger, Acree and Kier. Furthermore, the structural study of caffeic acid
(Chapter 6), a hydroxycinnamic acid with important pharmacological profile and used as
an additive, is also presented.

The following conclusions have been extracted from the experimental work
presented in this Memory:

* In Chapter 3, after investigating the molecular geometry of perillartine by means
of rotational spectroscopy, the predicted four most stable structures have been
characterized. All of them present a trans configuration of the C=N group with respect to
the double bond in the ring. Among them, one of the structures have the allyl group in an
axial position, while three structures are in an equatorial disposition differing in the
orientation of the allyl group. Attending the sweetness-structure relationship, all the
conformers seem to be in accordance with having a three-point contact as proposed by
the sweetness theory. In general, our work provides additional support to Shallenberger-
Acree-Kier’s theory that links the chemical structure of conformers and sweetness.

* In Chapter 4, the conformational preferences of the -D-allose carbohydrate and
the effect of the Cs epimerization have been unveiled. Three conformers have been
characterized showing a cooperative network of hydrogen bonds (OsH (eq) - OsH (ax) -
O2H (eq) - O:1H (eq)) in a counterclockwise (cc) arrangement, only differing in the
orientation of the hydroxymethyl group. A comparison of the results of -D-allose and f3-
D-glucose have been carried out, concluding that the main conformers and their
abundance is very similar. This results could explain the similar sweetness of both
molecules.

« In Chapter 5, the conformational panorama of dulcin has been has been explored.
Among the four most stable conformers, it was possible to unequivocally characterize
two of them. However, of the remaining two, one is “missing” due to conformational
interconversion in a relaxation process, while the other conformer probably falls below
the sensitivity due to its low abundance and low dipole moments. In order to rationalize
the sweetness-structure relationship for this molecule, the sweetness triangle is proposed
for the two conformers using the theory of sweetness proposed of Shallenberger Acree-
Kier. A good match between the glucophore pattern (AH/B/y points) proposed in the
sweetness theory, with the observed structure in the detected conformers and their
distances, is revealed in this work. This knowledge in the polyurea families could serve
to validate the sweetness theory and help in the design of new artificial sweeteners.
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* In Chapter 6, the conformational panorama of caffeic acid has been
experimentally unraveled. A total of eight structures have been caught within the
supersonic expansion. In terms of the structure, two different skeletal frames (syn- and
anti- forms) can be differentiated for caffeic acid, altogether with a planar structure. The
presented three-dimensional structural information provide support to comprehend the
physical-chemical properties and the mechanisms underlying its biological and
pharmacological activity. Furthermore, the results can be useful in future investigations
on the design of new caffeic acid-based pharmacophores.

With the information above, a general conclusion can be extracted. According to
the results of the three sweet molecules studied in this Thesis, all the molecules present
the three required contact points, i.e. the glucophore, proposed by Shallenberger, Acree
and Kier in their sweetness theory. This information could be useful for food chemistry
in order to help in the design and synthetization of a large variety of custom-made
sweeteners. The results obtained for cafeic acid could be helpful for designing new
additives employed both in food and drugs.

Future Perspective

Among all the flavors of the taste sense, sweetness provides sensations that make it
one of the most desired ones for mankind. The natural occurring molecules responsible
for it are ubiquitous in the food industry, and are strongly related to adverse health
conditions caused, to a large extend, due to an excess consumption.

To avoid the caloric intake that involves the consumption of carbohydrates,
different artificial sweeteners have been introduced in our diet. The problems don’t finish
here. Although artificial sweeteners may help with diabetes and weight control, it is
noteworthy that in the last years its use has been intensely scrutinized. The side effects of
its inclusion in our eating habits have begun to manifest, including cancer.

In this thesis, in continuation with previous works, have been carried out a
intensively structural study of the sweetness pattern responsible for the sweet taste
produced by both natural, with monosaccharide 3-D-allose, and artificial sweeteners, with
perillartine and dulcin, according to the old theories of sweetness. Note that, despite
dulcin was removed from the market due to health concerns, it is a very sweet molecule
and the results can be used to elaborate new sweeteners.

The results obtained in this thesis, that shed light into the atomic structural
disposition that a molecule needs to be sweet, could pave the way for different future
studies on this matter. Knowing the structural pattern reponsible for the sweet taste may
have an important implication in the design of new artificial sweeteners with improved
properties, in order to obtain a better sweet taste performance, which could led to a
decrease in the amount used for food manufacturing. Nevertheless, it could be even more
significant being able to design an artificial sweetener free from any health
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contraindication in the future, as we learn the impact it is having on our health the now
used artificial sweeteners in the industry. This is why the use of rotational spectroscopy
to continue to structurally study these family of artificial sweeteners, in addition to other
new synthesized ones that may arise from the information extracted from this thesis, is an
unique tool that will provide valuable data for the food industry.

In the following years, we plan to extend our knowledge on sweetness based on

several topics:

The sweetness theory proposed by Shallerberger-Acree-Kier is based on the main
three contact points. These points are the minimum contact points that a molecules
must have in order to interact with a receptor. On the other hand, nowadays new
and more complex theories have emerged. Some of these theories introduce new
contact points. We will study new sweeteners and explore some of these theories.
This will allow gaining new knowledge about sweetness.

The whole docking between the ligand (sweetener in this case) and receptor, not
only relies in their interactions, but also in the interactions with the environment.
In fact, biological processes are a result of minimizing the Gibbs free energies as
a whole. Therefore, we plan on studying the interactions between sweeteners and
water.

Finally, in order to mimic the interactions between the sweetener and the protein,
we will use a reductionist approach and study the interactions between different
sweeteners and the main amino acids that are responsible of the docking
procedure.
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Conclusiones

Esta tesis doctoral reune cuatro estudios recopilados en cuatro capitulos. Los
capitulos 3, 4, y 5 abordan la caracterizacion estructural por espectroscopia de rotacion
de tres moléculas percibidas como dulces: perillartina, alosa y dulcina. El capitulo 6
recoge un estudio del acido cafeico que, ademas de un aditivo, es un compuesto organico
con excelentes propiedades farmacologicas. Estos estudios nos han permitido obtener las
siguientes conclusiones que se detallan a continuacion:

 Capitulo 3: En el estudio de la perillartina se pudieron identificar de manera
inequivoca cuatro especies, las cuales presentan una disposicion E del grupo C=N con
respecto al doble enlace en el anillo. Una de las estructuras contiene el grupo alilo en
posicién axial, mientras que las tres muestran diferentes orientaciones del grupo alilo en
configuracién ecuatorial. Todos estos conformeros parecen contener los tres puntos de
anclaje que propone la teoria del dulzor. La caracterizacion estructural que nos brinda
este estudio sugiere que la entidad dadora se encuentra localizada en el carbono opuesto
al doble enlace conjugado, mientras que el punto B se sitta en el oxigeno. Asimismo, el
amplio abanico conformacional de este edulcorante y la doble posibilidad de recepcién
con el punto AH podria explicar su intenso sabor dulce. Este trabajo ofrece un apoyo
adicional para verificar la teoria de Shallenberger-Acree-Kier, la cual vincula el sabor
dulce con la estructura molecular.

e Capitulo 4: En la investigacion de la B-D-alosa se pudieron localizar tres
conférmeros, los cuales muestran una red cooperativa de enlace de hidrogeno OsH (eq)
— O3H (ax) — O2H (eq) — O:H (eq) y en una disposicion en sentido antihorario (cc).
Las tres especies solo difieren en la orientacion del grupo hidroximetilo. Estos resultados
fueron comparados con la B-D-glucosa, dado que la alosa es el epimero Cs. Por un lado,
se observa que las dos moléculas presentan conférmeros con estructuras similares y con
las mismas abundancias relativas en su poblacién. Esta semejanza estructural podria
explicar que las dos sean moléculas que se perciben como dulces, contiendo el patron
glucoforo AH/B/y.

* Capitulo 5: Con respecto a la investigacion de la dulcina, se pudieron identificar
inequivocamente dos estructuras de las cuatro estables. No obstante, una de las especies
mas estables energéticamente, no se pudo localizar debido al fendmeno de
interconversion conformacional. La cuarta estructura no se pudo detectar dada la baja
abundancia y sus bajos momentos dipolares. En cuanto a las dos estructuras mas estables,
ambas presentan una interaccion intramolecular entre el grupo NH; y la nube electronica
© del grupo del anillo fenilo. El segundo conférmero detectado presenta una disposicion
similar, pero con el grupo alcoxi fuera del plano con respecto al grupo fenilo. Se proponen
dos triangulos de dulzor para los conférmeros de dulcina, donde ambos triangulos
cumplen las caracteristicas de la teoria del dulzor propuesta por Shallenberger-Acree-
Kier.
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* Capitulo 6: En la investigacion del acido cafeico se pudo descifrar el panorama
conformacional completo, el cual esta conformado por ocho especies isoméricas. Estos
conférmeros se pueden clasificar en dos familias: syn y anti, dependiendo de la torsion
de grupo fenilo, el cual produce un cambio significativo en los momentos de inercia.
Asimismo, hemos observado que todas las estructuras son planas, lo cual se ha
materializado con los valores de los momentos de inercia. La informacion estructural
tridimensional presentada brinda apoyo para comprender las propiedades fisico-quimicas
y los mecanismos que subyacen a su actividad bioldgica y farmacoldgica. Ademas, los
resultados pueden ser tiles en futuras investigaciones sobre el disefio de nuevos
farmacoforos basados en &cido cafeico.

Por tanto, en relacion a las conclusiones de cada capitulo se puede decir que los
puntos propuestos por Shallenberger- Acree y Kier, de las moléculas percibidas como
dulces, se han podido verificar gracias a la caracterizacion estructural en 3D. Esta
informacion es muy valiosa, dado que, permitiria disefiar y sintetizar un amplio abanico
de edulcorantes, lo que resulta muy atractivo para la industria farmacéutica y alimentaria.
Por otra parte, los datos obtenidos del acido cafeico nos ayudarian a comprender cémo
actla esta molécula en los seres humanos, lo cual seria clave para el disefio de nuevos
farmacos.

Perspectivas futuras

El consumo excesivo de alimentos dulces ha provocado que un nudmero
significativo de personas sufra obesidad, hipertension, diabetes, entre otras enfermedades.
Como consecuencia, un mercado de edulcorantes no caléricos ha surgido para intentar
responder a las necesidades millones de personas. No obstante, la investigacion y
desarrollo de nuevos edulcorantes es una tarea compleja que requiere de conocimientos
solidos sobre el mecanismo de quimiorrecepcion del sabor dulce.

Una teoria que correlaciona el dulzor de las moléculas con su estructura es la
postulada por Shallenberger, Acree y Kier. Desafortunadamente, la disposicion sapida
que proponian en los compuestos dulces no se habia podido comprobar pese a las
numerosas investigaciones realizadas. Tales estudios para comprender la interaccion de
la molécula objetivo con el receptor, fueron llevados a cabo en fase condensada. Por
consiguiente, la geometria de las “moléculas dulces” se encuentra distorsionada con el
medio que la rodea, no pudiendo obtener las distancias concretas de la tripartita glucofora.

Esta tesis doctoral abordd el estudio estructural en 3D de tres moléculas percibidas
como dulces: perillartina, alosa y dulcina, con el fin de verificar el patron glucéforo. Los
resultados que se obtuvieron en estas investigaciones, verificaron la teoria del dulzor. Esta
nueva informacién obtenida podria emplearse para el disefio de nuevos edulcorantes
artificiales con mejores propiedades: mayor intensidad de dulzor, propiedades
beneficiosas para el ser humano o que aporten un menor contenido energeético.
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Durante los siguientes afios, se extendera la informacion obtenida sobre los

edulcorantes, mediante los siguientes estudios:

La teoria del dulzor propuesta por Shallerberger-Acree-Kier se basa en tres puntos
de contacto principales. Estos puntos de contactos son los minimos necesarios
para que una molécula dulce interactte con el receptor. No obstante, hoy en dia
existen teorias mas complejas que introducen nuevos puntos de contacto. Por lo
tantos, ademas de estudiar nuevos edulcorantes, se contrastaran los resultados con
algunas de estas teorias. Esto nos permitira extender nuestro conocimiento actual
sobre los edulcorantes.

El proceso de docking molecular entre un ligando (en este caso un edulcorante) y
un receptor, no solo necesita de las interacciones intermoleculares entre ambos,
sino que también con el entorno. De hecho, los procesos bioldgicos son un
resultado de la minimizacion de la energia libre de Gibbs en su conjunto. Por ello,
es logico extender nuestros estudios a los complejos formados entre moléculas
dulces y agua.

Por ultimo, con objeto de modelar las interacciones entre los edulcorantes y las
proteinas de los receptores, se pretende emplear un modelo reduccionista
estudiando las interacciones entre distintas moléculas dulces y los aminoacidos
claves en la union ligando-proteina.
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Table Al-1. Measured frequencies and residuals (in MHz) for the transitions of rotamer
| of perillartine (in MHz).

J’ K’ K’ J” K”, K”+ V obs V obs — V cal
4 0 4 3 0 3 2943.525 0.019
5 1 5 4 1 4 3646.145 -0.004
5 0 5 4 0 4 3678.973 -0.006
5 1 4 4 1 3 3713.514 0.022
6 1 6 5 1 5 4375.226 -0.008
6 0 6 5 0 5 4414.146 -0.037
6 3 3 5 3 2 4416.320 -0.048
6 1 5 5 1 4 4456.089 0.049
7 1 7 6 1 6 5104.256 0.018
7 0 7 6 0 6 5149.059 -0.006
7 2 6 6 2 5 5151.683 0.023
7 2 5 6 2 4 5154.663 -0.010
7 1 6 6 1 5 5198.561 0.057
8 1 8 7 1 7 5833.192 0.038
8 0 8 7 0 7 5883.568 -0.004
8 2 7 7 2 6 5887.386 -0.045
8 2 6 7 2 5 5891.953 0.004
8 1 7 7 1 6 5940.871 0.000
9 1 9 8 1 8 6561.983 0.017
9 0 9 8 0 8 6617.625 -0.029
9 2 8 8 2 7 6623.117 -0.014
9 2 7 8 2 6 6629.548 -0.031
9 1 8 8 1 7 6683.123 -0.001
10 1 10 9 1 9 7290.697 0.032
10 0 10 9 0 9 7351.251 -0.008
10 2 9 9 2 8 7358.735 -0.016
10 1 9 9 1 8 7425.254 0.005
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Table Al-2. Measured frequencies and residuals (in MHz) for the transitions of rotamer
Il of perillartine (in MHz).

J’ K1 K’ J’’ K K’ V obs V obs — V cal
4 0 4 3 0 3 2920.931 0.036
5 1 5 4 1 4 3583.791 -0.014
5 0 5 4 0 4 3649.433 0.003
5 1 4 4 1 3 3722.105 0.014
2 1 2 1 0 1 3966.178 0.007
6 1 6 5 1 5 4299.960 -0.003
6 0 6 5 0 5 4376.815 -0.033
6 2 4 5 2 3 4391.526 -0.053
3 1 3 2 0 2 4655.549 0.000
7 1 7 6 1 6 5015.805 0.001
7 0 7 6 0 6 5102.907 -0.028
7 2 6 6 2 5 5113.751 -0.004
7 2 5 6 2 4 5126.338 0.010
7 1 6 6 1 5 5209.311 0.017
4 1 4 3 0 3 5331.472 0.006
8 1 8 7 1 7 5731.280 -0.001
8 0 8 7 0 7 5827.494 0.008
8 2 7 7 2 6 5843.498 -0.043
8 2 6 7 2 5 5862.347 -0.001
8 1 7 7 1 6 5952.314 0.024
5 1 5 4 0 4 5994.362 -0.014
9 1 9 8 1 8 6446.368 0.013
9 0 9 8 0 8 6550.346 0.029
9 2 8 8 2 7 6573.023 -0.002
9 3 7 8 3 6 6580.599 0.018
9 3 6 8 3 5 6581.110 -0.001
9 1 8 8 1 7 6694.795 0.010

10 1 10 9 1 9 7160.998 0.009
10 0 10 9 0 9 7271.299 0.033
10 2 8 9 2 7 7338.716 -0.053
10 1 9 9 1 8 7436.706 0.004
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Table Al-3. Measured frequencies and residuals (in MHz) for the transitions of rotamer

I11 of perillartine (in MHz).

.

.

-

J K’ K’ J K7 K7 V obs V obs — V cal
3 1 3 2 1 2 2839.691 -0.056
4 0 4 3 0 3 3821.708 0.032
5 0 5 4 0 4 4775.607 0.000
5 1 4 4 1 3 4825.170 0.013
6 1 6 5 1 5 5678.206 0.021
6 0 6 5 0 5 5728.539 -0.018
6 2 5 5 2 4 5734.581 -0.019
7 1 7 6 1 6 6623.841 0.006
7 0 7 6 0 6 6680.353 0.010
7 2 6 6 2 5 6689.888 0.024
7 2 5 6 2 4 6700.932 0.001
7 1 6 6 1 5 6753.772 0.010
8 1 8 7 1 7 7569.163 -0.010
8 1 7 7 1 6 7717.491 -0.026
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Table Al-4. Measured frequencies and residuals (in MHz) for the transitions of rotamer
IV of perillartine (in MHz).

J’ K’ K’ J’ K, K’ V obs V obs — V cal
4 0 4 3 0 3 2936.217 -0.017
5 1 5 4 1 4 3590.951 -0.008
5 0 5 4 0 4 3667.831 -0.004
5 1 4 4 1 3 3754.997 0.035
6 1 6 5 1 5 4308.292 0.014
6 0 6 5 0 5 4397.759 -0.052
6 1 5 5 1 4 4505.066 0.047
7 1 7 6 1 6 5025.151 0.012
7 1 6 6 1 5 5254.529 -0.017
8 1 8 7 1 7 5741.488 0.006
8 0 8 7 0 7 5851.713 0.010
8 1 7 7 1 6 6003.428 -0.012
9 1 9 8 1 8 6457.264 0.012
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Additional Information: B3LYP vs MP2

The main difference between the four main conformers is that structures e-E-I, e-
E-I1, and a-E-I1I have the allyl group in an equatorial position, while structure a-E-I has
the allyl group in an axial position. It is worth noting that calculations using the MP2 level
also predicts the same four structures as the most stable structures, but with structure a-
E-1 which is the third most stable structure with B3LYP, as the global minimum (see
Table S9). This fact is interesting as it let us to benchmark current methodologies. As
described in the main manuscript, using selected transitions of the experimental results
we can estimate the relative populations of the conformers, and set structure 1 as the
global minimum, with structure 3 being slightly less populated. Therefore, B3LYP-GD3
gives a better description of the energetics. Finally, we would also like to highlight the
importance of adding Grimme Dispersions with Becke-Johnson damping as the
calculations without including them estimate structure a-E-1 being too high in energy, at
560 cm, which would result in a low population of this conformer to allow its detection.
The conformational panorama of this molecule is another illustrative case of the
robustness of rotational spectroscopy, not only for a definitive structural characterization,
but also to contrast, benchmark, and validate the results provided by high-level
computational chemistry.

Table AI-5. Theoretical spectroscopic parameters for low-energy conformers of perillartine
computed at the MP2/6-311++G(d,p) level of theory.

Parameters  a-E-| e-E-I e-E-1l e-E-1II a-E-ll a-E-1ll
Al 1750 2878 2908 2794 1852 1636
B 497 376 380 383 490 508

C 476 362 352 354 475 497
|t ™ 1.1 0.8 0.9 0.9 0.7 1.1
|ao 0.1 0.1 0.2 0.3 0.4 0.4
|tte] 0.6 0.4 0.2 0.1 0.0 0.3
AEM 0 99 270 359 538 713
AEzpel 0 40 208 295 583 790
AGH 37 0 135 223 676 859

[a] A, B, and C represent the rotational constants (in MHZz). [b]| Mal, || and || are the absolute
values of the electric dipole moment components (in D). [c] Relative energies (in cm )
concerning the global minimum. [d] Relative energies (in cm 1) with respect to the global
minimum, taking into account the zero-point energy (ZPE). [e] Gibbs energies (in cm 1)
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Table Al-5. Theoretical spectroscopic parameters for low-energy conformers of perillartine
computed at the MP2/6-311++G(d,p) level of theory.

Parameters  a-Z-I e-Z-1 e-Z-1l e-Z-1ll e-E-IV e-E-V
Al 1809 2806 2743 2768 2870 2900
B 491 375 384 378 376 380
C 478 361 352 357 362 352
|uta]™ 1.2 0.8 0.8 0.8 1.7 1.8
|ao] 0.4 0.2 0.2 0.4 2.7 2.9
|etc] 0.1 0.2 0.2 0.2 0.7 0.7
AE[ 1138 1307 1459 1578 1916 2089
AEzpeldl 1114 1223 1374 1489 1751 1922
AGE 1102 1149 1273 1377 1718 1856

[a] A, B, and C represent the rotational constants (in MHz). [b]| Ha, |Ms| and |pic| are the absolute
values of the electric dipole moment components (in D). [c] Relative energies (in cm )
concerning the global minimum. [d] Relative energies (in cm 1) with respect to the global
minimum, taking into account the zero-point eneray (ZPE). [e] Gibbs energies (in cm 1)

116



Annex |1






Annex 11

Table All-1. Fitted rotational transitions of rotamer | of -D-allose (in MHz).

J’ K K+ J”’ K71 K7+ V obs V obs — V cal
5 4 1 5 3 3 4030.508 -0.028
6 3 4 6 1 5 4103.292 0.003
3 2 2 2 2 1 4109.065 0.007
6 4 2 6 3 4 4225.489 -0.025
7 4 4 7 3 5 4343.884 -0.008
6 1 5 6 1 6 4353.598 -0.006
6 1 5 6 0 6 4360.495 0.016
2 2 1 1 1 0 4362.007 0.012
3 2 1 2 2 0 4382.723 0.012
3 1 2 2 1 1 4425.971 0.013
2 2 0 1 1 0 4440417 0.012
7 3 5 7 2 6 4520.138 -0.017
6 2 5 6 0 6 4543.806 0.007
2 2 1 1 1 1 4612.941 0.010
7 5 3 7 4 3 4677.041 -0.024
2 2 0 1 1 1 4691.364 0.023
4 1 3 3 2 2 4715.589 0.001
4 0 4 3 1 3 4800.796 0.026
4 1 4 3 1 3 4857.034 0.028
6 5 2 6 4 2 4937.746 -0.029
4 0 4 3 0 3 4939.448 -0.008
6 5 1 6 4 2 4942.268 -0.031
4 1 4 3 0 3 4995.734 0.043
6 5 2 6 4 3 5048.371 -0.002
6 5 1 6 4 3 5052.866 -0.031
8 5 4 8 4 5 5076.549 0.038
7 4 4 7 2 5 5108.928 0.024
5 2 3 4 3 1 5109.931 -0.010
2 2 0 1 0 1 5148.577 0.007
5 2 3 4 3 2 5216.561 0.009
8 3 6 8 2 7 5228.461 -0.029
8 3 6 8 1 7 5257.324 -0.003
7 1 6 7 1 7 5267.800 0.000
7 1 6 7 0 7 5269.979 -0.036
7 2 6 7 0 7 5345.901 -0.003
6 4 3 6 2 4 5366.174 0.010
5 1 4 4 2 2 5397.078 -0.004
4 2 3 3 2 2 5416.278 0.012
3 1 2 2 0 2 5463.475 0.007
3 2 2 2 1 1 5480.760 0.015
4 3 2 3 3 1 5598.641 0.028
4 3 1 3 3 0 5689.003 0.017
4 1 3 3 1 2 5770.388 0.012
3 2 1 2 1 1 5832.827 0.019
4 2 2 3 2 1 5952.798 0.009

10 4 7 10 2 8 5971.665 -0.022
5 0 5} 4 1 4 5979.714 0.017
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J’ K K’ J”’ K71 K7+ V obs V obs —V cal
5 1 5 4 1 4 6000.062 0.005
5 0 5 4 0 4 6035.947 0.016
5 1 5 4 0 4 6056.312 0.021
3 2 2 2 1 2 6233.568 0.015
5 1 4 4 2 3 6285.673 0.006
3 2 1 2 1 2 6585.637 0.021
5 2 4 4 2 3 6675.700 0.021
6 2 4 5 3 2 6724.957 0.000
3 2 1 2 0 2 6870.354 0.035
5 1 4 4 1 3 6986.357 0.013
3 3 1 2 2 0 6987.406 0.008
5 3 3 4 3 2 6992.765 0.015
3 3 0 2 2 0 7003.648 0.011
5 4 2 4 4 1 7021.202 0.018
5 4 1 4 4 0 7042.306 0.008
3 3 1 2 2 1 7065.820 0.012
3 3 0 2 2 1 7082.068 0.020
6 2 4 5 3 3 7099.519 -0.015
6 0 6 5 1 5 7122.240 0.011
6 1 6 5 1 5 7129.118 0.015
6 0 6 5 0 5 7142.607 0.019
6 1 6 5 0 5 7149.488 0.025
5 3 2 4 3 1 7260.730 0.014
4 2 2 3 1 2 7359.672 0.032
5 2 4 4 1 3 7376.377 0.021
5 2 3 4 2 2 7467.074 0.010
6 2 5 5 2 4 7886.989 0.008
6 1 5 5 1 4 8093.676 0.003
7 1 7 6 1 6 8251.654 0.009
4 3 1 3 2 1 8309.931 0.019
6 3 4 5 3 3 8350.805 0.023
6 4 3 5 4 2 8459.057 0.014
4 3 1 3 2 2 8661.983 0.009
6 2 4 5 2 3 8875.747 0.015
6 3 3 5 3 2 8887.724 -0.003
5 2 3 4 1 3 9056.369 0.042
7 2 6 6 2 5 9058.430 0.021
7 1 6 6 1 5 9165.851 0.011
8 0 8 7 1 7 9370.914 -0.001
8 1 8 7 1 7 9371.622 0.017
8 0 8 7 0 7 9373.143 0.013
8 1 8 7 0 7 9373.838 0.018
5 1 4 4 0 4 9445.315 -0.011
4 4 1 3 3 0 9560.605 0.009
4 4 0 3 3 0 9563.377 0.015
4 4 1 3 3 1 9576.832 -0.003
7 3 5 6 3 4 9658.593 -0.002
5 2 4 4 1 4 9779.115 0.011
12 6 7 11 7 5 10089.989 -0.017
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10126.992
10131.968
10144.837
10249.918
10490.670
10491.149
10911.175
10945.736
10999.416
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11270.753
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13276.958
13298.509
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V obs —V cal
0.013
0.032
0.006
0.016
0.007
0.006

-0.010
0.021
0.010
0.000

-0.025
0.002

-0.007
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-0.022
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-0.027
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0.010

-0.011

-0.042
0.001
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-0.020

-0.029

-0.013

-0.035
0.007

-0.008

-0.008
0.003

-0.021

-0.032
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-0.031

-0.031

-0.031

-0.031
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Table All-2. Fitted rotational transitions of rotamer Il of B-D-allose (in MHZz).

e

122

J’ K’ K’ J”’ K1 K’+ V obs V obs — V cal
6 3 4 6 1 5 4091.775 0.033
2 2 1 1 1 0 4221.091 0.000
3 2 1 2 2 0 4288.619 0.009
6 1 5 6 1 6 4499.800 0.023
2 2 0 1 1 1 4576.204 -0.005
4 0 4 3 1 3 4598.741 0.025
7 3 5 7 2 6 4600.542 -0.024
4 1 4 3 1 3 4643.366 -0.007
4 0 4 3 0 3 4716.687 0.019
7 4 4 7 2 5 4918.621 0.003
2 2 0 1 0 1 5009.992 0.002
5 2 3 4 3 2 5186.211 -0.008
4 2 3 3 2 2 5236.907 0.013
3 2 2 2 1 1 5282.858 0.007
8 3 6 8 1 7 5372.077 0.011
7 1 6 7 0 7 5421.203 0.015
4 3 2 3 3 1 5443.141 -0.013
4 3 1 3 3 0 5554.447 0.014
4 1 3 3 1 2 5593.745 0.018
5 0 5 4 1 4 5712.174 0.027
) 0 5 4 0 4 5756.815 0.011
5 1 5 4 0 4 5771.925 0.015
4 2 2 3 2 1 5825.127 0.002
5 1 4 4 2 3 6117.877 0.011
4 2 3 3 1 2 6209.554 0.005
5 2 4 4 2 3 6438.497 0.007
3 2 1 2 1 2 6475.910 0.020
5 1 4 4 1 3 6733.698 0.010
3 3 1 2 2 0 6773.352 0.001
5 3 3 4 3 2 6792.510 0.016
6 0 6 5 1 5 6792.958 -0.003
6 1 6 5 1 5 6797.742 0.012
6 0 6 5 0 5 6808.073 0.006
6 1 6 5 0 5 6812.848 0.011
5 4 2 4 4 1 6833.212 0.022
5 4 1 4 4 0 6861.753 0.026
3 3 1 2 2 1 6863.039 -0.021
3 3 0 2 2 1 6883.354 -0.003
5 2 4 4 1 3 7054.320 0.008
5 3 2 4 3 1 7112.483 0.012
5 2 3 4 2 2 7289.002 0.012
6 1 5 5 2 4 7447.957 0.016
6 2 5 5 2 4 7587.888 0.017
6 1 5 5 1 4 7768.584 0.017
7 0 7 6 1 6 7861.024 0.016
7 1 7 6 1 6 7862.448 0.001
7 0 7 6 0 6 7865.782 0.005
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V obs
7867.207
7908.502
8097.840
8349.028
8456.278
8627.801
8642.464
8696.356
8713.432
8782.438
8925.056
8926.066
9300.494
9345.105
9576.832
9779.115
9807.536
9813.902
9986.950
9987.270

10252.012
10964.773
11747.047
11751.453
12110.448
12110.449
12110.449
12407.779
12438.142
12453.432

V obs — V cal
-0.009
0.007
-0.021
-0.006
-0.009
0.004
-0.027
0.000
0.014
0.019
0.000
-0.008
-0.009
-0.004
0.012
-0.023
0.022
-0.018
-0.039
-0.019
0.017
-0.049
-0.030
-0.028
0.014
-0.006
-0.006
-0.064
-0.036
-0.055
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Table All-3. Fitted rotational transitions of rotamer 11 of B-D-allose (in MHz).

e

J’ K’ K’ J”’ K1 K7+ V obs V obs — V cal
4 1 4 3 1 3 4545.419 -0.024
4 0 4 3 0 3 4702.383 0.044
4 2 3 3 2 2 4967.127 -0.013
4 3 2 3 3 1 5051.810 0.011
4 3 1 3 3 0 5073.861 -0.017
4 1 3 3 1 2 5303.830 0.014
5 0 5 4 0 4 5747.263 -0.008
5 2 4 4 2 3 6166.949 0.000
5 3 3 4 3 2 6324.875 -0.006
5 3 2 4 3 1 6398.732 0.019
5 1 4 4 1 3 6541.128 -0.004
5 2 3 4 2 2 6659.144 0.016
6 1 6 5 1 5 6718.127 0.002
6 0 6 5 0 5 6781.211 -0.012
6 2 5 5 2 4 7341.023 -0.004
6 3 4 5 3 3 7591.822 0.014
6 4 3 5 4 2 7602.326 -0.004
6 1 5 5 1 4 7708.113 0.002
6 3 3 5 3 2 7772.235 0.016
7 1 7 6 1 6 7785.900 -0.009
7 0 7 6 0 6 7819.113 -0.006
8 2 6 7 2 5 10634.589 -0.009
8 3 5 7 3 4 10639.478 -0.022
10 0 10 9 0 9 10962.328 0.013
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Table AllI-1. Observed frequencies for rotational transition of rotamer | of dulcin (in

MHz).

J’ K’ K+ J’ K, K’ V obs V obs — V cal
4 0 4 3 0 3 2388.61 -0.02
5 1 5 4 1 4 2955.14 -0.01
5 0 5 4 0 4 2985.46 -0.01
6 1 6 5 1 5) 3546.07 0.01
6 1 5 5 1 4 3620.40 -0.01
2 1 1 1 0 1 3966.65 0.01
7 1 7 6 1 6 4136.93 0.01
7 0 7 6 0 6 4178.49 0.01
7 1 6 6 1 5 4223.64 0.00
3 1 2 2 0 2 4582.50 0.01
8 1 8 7 1 7 4727.71 0.01
8 0 8 7 0 7 4774.58 0.00
8 2 7 7 2 6 4777.57 -0.01
8 2 6 7 2 5 4781.08 -0.02
8 1 7 7 1 6 4826.79 -0.01
4 1 3 3 0 3 5204.60 -0.02
9 1 9 8 1 8 5318.41 0.01
9 0 9 8 0 8 5370.34 0.01
9 2 8 8 2 7 5374.61 0.00
9 2 7 8 2 6 5379.61 0.00
9 1 8 8 1 7 5429.89 0.02
5 1 4 4 0 4 5833.09 0.00
10 1 10 9 1 9 5909.02 0.00
10 0 10 9 0 9 5965.72 0.00
10 2 9 9 2 8 5971.56 0.01
10 2 8 9 2 7 5978.44 0.00
10 1 9 9 1 8 6032.85 0.01
11 1 11 10 1 10 6499.53 0.00
11 0 11 10 0 10 6560.69 0.00
11 2 10 10 2 9 6568.44 0.00
11 3 8 10 3 7 6571.10 -0.07
11 3 9 10 3 8 6571.10 0.04
11 2 9 10 2 8 6577.60 0.00
11 1 10 10 1 9 6635.71 0.00
12 1 12 11 1 11 7089.93 0.00
12 0 12 11 0 11 7155.21 -0.01
12 2 11 11 2 10 7165.25 0.01
12 4 8 11 4 7 7168.04 -0.01
12 4 9 11 4 8 7168.04 -0.01
12 3 10 11 3 9 7168.73 0.09
12 3 9 11 3 8 7168.73 -0.09
12 2 10 11 2 9 7177.13 0.00
12 1 11 11 1 10 7238.44 0.00
13 1 13 12 1 12 7680.20 -0.02
13 0 13 12 0 12 7749.26 0.00
13 2 12 12 2 11 7761.96 0.00
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J’ K’ K+ J”’ K74 Y V obs V obs — V cal
13 4 10 12 4 9 7765.53 0.00
13 4 9 12 4 8 7765.53 0.01
13 3 11 12 3 10 7766.28 0.00
13 3 10 12 3 9 7766.52 0.02
13 2 11 12 2 10 7777.05 -0.01
13 1 12 12 1 11 7841.02 -0.01
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Table AllI-2. Observed frequencies for rotational transition of rotamer Il of dulcin (in

MHz).

J’ K’ K’ J”’ K7 K’ V obs V obs — V cal

7 1 7 6 1 6 4527.41 0.00
7 1 6 6 1 5 4650.74 0.01
8 1 8 7 1 7 5173.64 -0.01
8 0 8 7 0 7 5236.97 -0.01
8 1 7 7 1 6 5314.54 0.01
10 1 10 9 1 9 6465.48 0.01
10 0 10 9 0 9 6539.64 0.00
10 2 9 9 2 8 6555.08 0.00
10 1 9 9 1 8 6641.36 -0.01
11 1 11 10 1 10 7111.02 0.00
11 2 10 10 2 9 7209.85 -0.01
11 1 10 10 1 9 7304.33 0.00
12 1 12 11 1 11 7756.31 0.00
12 0 12 11 0 11 7838.13 0.00
12 2 11 11 2 10 7864.43 0.00
12 1 11 11 1 10 7966.92 0.00
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Table AlV-1. Observed frequencies and residuals (in MHz) for the rotational transitions

of rotamer | of caffeic acid (in MHz).

J’ K’ K’ J’ K1 oo V obs V obs — V cal

4 2 3 3 2 2 2414.907 -0.016
5 2 4 4 2 3 3017.883 -0.008
2 1 2 1 0 1 3108.121 -0.001
8 0 8 7 1 7 3319.684 0.004
6 1 6 5 1 5 3498.642 0.013
6 2 5 5 2 4 3620.351 -0.001
3 1 3 2 0 2 3652.310 -0.018
4 1 4 3 0 3 4177.565 -0.014
7 0 7 6 0 6 4193.245 -0.021
7 1 6 6 1 5 4358.270 -0.010
8 1 8 7 1 7 4659.631 -0.022
5 1 5 4 0 4 4685.122 0.005
8 0 8 7 0 7 4780.744 0.001
13 2 11 13 1 12 4928.498 -0.027
11 2 9 11 1 10  5028.626 -0.019
10 2 8 10 1 9 5108.413 -0.011
6 1 6 5 0 5 5176.645 -0.004
9 2 7 9 1 8 5201.407 -0.010
8 2 6 8 1 7 5302.479 -0.026
9 0 9 8 0 8 5364.045 -0.033
7 2 5 7 1 6 5406.638 -0.009
9 2 8 8 2 7 5423.661 -0.023
6 2 4 6 1 5 5509.051 0.000
9 1 8 8 1 7 5595.278 -0.021
5 2 3 5 1 4 5605.322 -0.003
7 1 7 6 0 6 5654.329 0.000
4 2 2 4 1 3 5691.579 -0.015
3 2 1 3 1 2 5764.579 0.001
2 2 0 2 1 1 5821.615 -0.017
2 2 1 2 1 2 5940.752 -0.020
3 2 2 3 1 3 6001.010 -0.015
10 2 9 9 2 8 6023.113 -0.002
4 2 3 4 1 4 6081.564 -0.021
8 1 8 7 0 7 6120.717 0.001
10 1 10 9 0 9 7031.401 0.034
2 2 1 1 1 0 7068.638 0.002
2 2 0 1 1 1 7109.173 0.011
3 2 2 2 1 1 7632.583 0.013
3 2 1 2 1 2 7755.377 0.011
4 2 3 3 1 2 8176.473 0.020
4 2 2 3 1 3 8425.095 0.015
5 2 4 4 1 3 8700.359 0.008
5 2 3 4 1 4 9120.772 0.015
6 2 5 5 1 4 9204.413 0.019
7 2 6 6 1 5 9688.804 0.008
6 2 4 5 1 5 9845.451 0.012
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10153.888
11612.819
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12215.420
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0.024
0.008
0.005

-0.004
0.005
0.000
0.004
0.000
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Table AlV-2. Observed frequencies and residuals (in MHz) for the rotational transitions

of rotamer 11 of caffeic acid (in MHz).

J’ K’ K+ J”’ K1 711 V obs V obs — V cal
S) 0 5 4 0 4 3012.195 -0.021
7 1 7 6 1 6 4086.434 0.013
7 0 7 6 0 6 4200.362 0.010
7 1 6 6 1 5 4365.874 -0.003
8 1 8 7 1 7 4667.451 0.011
8 0 8 7 0 7 4788.789 0.001
8 2 7 7 2 6 4831.605 0.007
8 1 7 7 1 6 4986.196 0.007
9 1 9 8 1 8 5247.471 0.002
9 2 7 8 2 6 5503.807 -0.011
9 1 8 8 1 7 5605.014 -0.010

10 1 10 9 1 9 5826.421 -0.028

10 0 10 9 0 9 5953.083 0.002

10 2 9 9 2 8 6033.408 0.011

10 2 8 9 2 7 6129.094 0.009

10 1 9 9 1 8 6222.120 -0.002
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Table AlV-3. Observed frequencies and residuals (in MHz) for the rotational transitions
of rotamer 111 of caffeic acid (in MHz).

J’ K’ K+ J’ K1 oo V obs V obs — V cal
5 1 5 4 1 4 2931.355 -0.009
5 0 5 4 0 4 3022.140 0.018
6 1 6 5 1 5 3516.024 -0.013
6 0 6 5 0 5 3619.870 -0.023
6 1 ) 5 1 4 3756.577 -0.031
7 1 7 6 1 6 4099.929 0.041
8 1 8 7 1 7 4682.827 0.005
8 0 8 7 0 7 4804.550 0.005
8 1 7 7 1 6 5002.565 0.018
9 0 9 8 0 8 5390.749 0.001
9 1 8 8 1 7 5623.425 0.011
10 1 10 9 1 9 5845.638 -0.015
10 0 10 9 0 9 5972.679 -0.002
10 2 9 9 2 8 6053.224 -0.010
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Table AlV-4. Observed frequencies and residuals (in MHz) for the rotational transitions

of rotamer 1V of caffeic acid (in MHz).

J’ K’ K+ J”’ K1 711 V obs V obs — V cal
5 1 5 4 0 4 4711.237 -0.010
6 1 6 5 0 5 5205.826 -0.021
9 2 8 8 2 7 5458.911 -0.017
2 2 0 2 1 1 5847.515 -0.011
10 1 10 9 1 9 5854.232 0.003
2 2 1 2 1 2 5967.589 -0.015
10 0 10 9 0 9 5981.419 -0.006
3 2 2 3 1 3 6028.315 -0.019
10 5 5 9 5 4 6083.089 -0.009
10 3 7 9 3 6 6094.050 0.014
4 2 3 4 1 4 6109.487 -0.046
10 1 9 9 1 8 6251.899 -0.009
2 2 1 1 1 0 7102.698 -0.001
2 2 0 1 1 1 7143.541 -0.006
3 2 2 2 1 1 7670.259 0.013
3 2 1 2 1 2 7794.023 0.001
4 2 3 3 1 2 8217.607 0.021
4 2 2 3 1 3 8468.209 0.002
5 2 4 4 1 3 8744.797 0.015
5 2 3 4 1 4 9168.572 -0.008
6 2 4 5 1 5 9898.238 0.023
7 2 5 6 1 6 10660.714 0.000
3 3 1 2 2 0 11668.531 0.000
4 3 2 3 2 1 12275.072 0.012
4 3 1 3 2 2 12278.185 0.002
5 3 3 4 2 2 12879.212 -0.008
5 3 2 4 2 3 12888.638 0.016
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Table AIV-5. Observed frequencies and residuals (in MHz) for the rotational

transitions of rotamer V of caffeic acid (in MHz).

J’ K’ K+ J”’ K1 711 V obs V obs — V cal
4 1 4 3 1 3 2271.550 0.035
4 0 4 3 0 3 2336.888 0.029
4 1 3 3 1 2 2408.660 -0.005
5 1 5 4 1 4 2838.663 0.008
6 0 6 5 0 5 3497.260 0.002
6 1 5 5 1 4 3610.897 -0.007
7 0 7 6 0 6 4074.112 -0.001
7 2 5 6 2 4 4115.885 -0.001
8 1 8 7 1 7 4536.898 -0.014
8 0 8 7 0 7 4648.296 0.000
8 1 7 7 1 6 4810.503 0.005
9 0 9 8 0 8 5219.552 0.004
9 1 8 8 1 7 5408.956 -0.006
10 1 10 9 1 9 5665.749 -0.014
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Table AlV-6. Observed frequencies and residuals (in MHz) for the rotational transitions

of rotamer V1 of caffeic acid (in MHz).

J’ K’ K+ J”’ K1 711 V obs V obs — V cal

5 1 4 4 1 3 3012.649 -0.010
2 1 2 1 0 1 3301.486 -0.003
7 0 7 6 0 6 4077.656 0.000
7 1 6 6 1 5 4214.761 0.017
4 1 4 3 0 3 4353.796 -0.029
8 1 8 7 1 7 4540.888 0.000
8 0 8 7 0 7 4652.326 -0.009
8 2 7 7 2 6 4680.928 -0.003
8 2 6 7 2 5 4714.462 -0.005
5 1 5 4 0 4 4856.054 -0.021
9 1 9 8 1 8 5106.180 0.003
9 0 9 8 0 8 5224.071 -0.009
6 1 6 5 0 5 5343.785 -0.002
10 1 10 9 1 9 5670.721 -0.006
7 1 7 6 0 6 5818.437 0.041
8 1 8 7 0 7 6281.615 -0.014
3 2 2 3 1 3 6647.676 -0.002
4 2 3 4 1 4 6716.768 -0.027
5 2 4 5 1 5 6803.415 -0.010
7 2 6 7 1 7 7029.784 -0.006
2 2 1 1 1 0 7698.804 0.013
2 2 0 1 1 1 7733.516 0.005
3 2 2 2 1 1 8250.220 0.010
3 2 1 2 1 2 8355.193 0.012
4 2 3 3 1 2 8784.421 0.010
4 2 2 3 1 3 8996.366 -0.004
5 2 4 4 1 3 9301.431 -0.002
5 2 3 4 1 4 9658.723 0.006
6 2 5 5 1 4 9801.364 0.004
7 2 6 6 1 5 10284.318 -0.005
6 2 4 5 1 5 10344.287 0.022
8 2 7 7 1 6 10750.517 0.006
7 2 5 6 1 6 11055.444 0.004
3 3 1 2 2 0 12664.505 -0.012
3 3 1 2 2 1 12664.937 0.015
4 3 1 3 2 1 13249.436 -0.018
4 3 2 3 2 2 13251.481 0.025
5 3 3 4 2 2 13832.768 -0.030
5 3 2 4 2 3 13838.955 0.004
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Table AIV-7. Observed frequencies and residuals (in MHz) for the rotational

transitions of rotamer V11 of caffeic acid (in MHz).

J’ K’ K+ J”’ K1 711 V obs V obs — V cal
5 1 4 4 1 3 3033.537 -0.005
2 1 2 1 0 1 3288.840 0.005
7 1 7 6 1 6 3999.145 0.024
8 1 7 7 1 6 4847.753 -0.029
5 1 5 4 0 4 4850.921 0.000
9 0 9 8 0 8 5256.347 0.000
6 1 6 5 0 5 5340.612 -0.016

10 1 10 9 1 9 5704.948 -0.003

10 1 9 9 1 8 6052.548 -0.016
6 2 4 6 1 5 6151.913 -0.022
5 2 3 5 1 4 6240.572 -0.015
2 2 1 1 1 0 7648.249 0.001
2 2 0 1 1 1 7683.684 -0.005
3 2 2 2 1 1 8202.819 0.007
3 2 1 2 1 2 8310.001 0.016
4 2 3 3 1 2 8739.817 0.012
5 2 4 4 1 3 9259.283 0.014
5 2 3 4 1 4 9624.287 0.023
6 2 5 5 1 4 9761.320 0.030
3 3 0 2 2 0 12579.548 -0.028
3 3 0 2 2 1 12580.009 0.008
4 3 2 3 2 1 13168.283 -0.010
4 3 1 3 2 2 13170.437 -0.004
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Table AlV-8. Observed frequencies and residuals (in MHz) for the rotational transitions

of rotamer V111 of caffeic acid (in MHz).

J’ K’ K’ J’ K1 oo V obs V obs — V cal
8 1 8 7 1 7 4573.206 -0.019
8 0 8 7 0 7 4686.285 -0.012
8 1 7 7 1 6 4852.838 0.002
9 1 8 8 1 7 5456.410 -0.022
10 1 10 9 1 9 5710.907 0.019
10 0 10 9 0 9 5834.071 0.002
10 1 9 9 1 8 6058.893 0.022
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